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 Semiconductor nanocrystal (NC) thin films have emerged as intriguing materials for low cost 
synthesis of electronic devices with size-tunable optical and electronic properties that enable unique 
control over operating characteristics. However, in order to fully realize the potential of these materials so 
that they can be effectively integrated into useful devices, greater understanding of the electronic transport 
properties is needed. In particular, the relationship between film morphology, surface chemistry, and 
disorder leads to unique challenges in engineering the performance of NC-based devices. The standard 
measurement techniques and modeling schemes developed for bulk semiconductors are not necessarily 
well suited for these challenges, so a deeper understanding of how they can be applied to semiconductor 
NC films and how to properly interpret the results is needed. 
 In this thesis, the electronic conduction in two semiconductor NC material systems was explored. 
First, ZnO was used as a wide bandgap material that was known to have high native doping levels and 
electronic conduction that can approach metallic behavior. Atomic layer deposition (ALD) Al2O3 was 
used to passivate thin films of porous ZnO NCs, which have electronic properties that are extremely 
sensitive to surface oxidation reactions with ambient water vapor. This property was utilized to 
systematically control the conductivity of ZnO films by photochemically desorbing surface hydroxyl 
groups in vacuum and performing subsequent electrical measurements in situ. With this technique, we 
observed conductance increases of up to 105 and associated changes in transport mechanism between Mott 
and Efros-Shklovskii variable range hopping regimes. Through this analysis, we were able to determine 
the role of defect states and NC surface depletion in determining the coupling between NCs. 
 Second, Ge NCs were studied as a narrow bandgap material with large quantum confinement effects 
leading to bandgap increases of up to 50%. Thermal admittance spectroscopy (TAS) and field-effect 
transistor (FET) measurements were used together to study charge injection in these films. We observed 





The dominant barrier for transport in these FETs was determined to be minority carrier injection to the 
channel due to NC charging. Contact material was not observed to have any effect on the FET polarity, 
which, along with large hysteresis observed in I-V and C-V measurements, indicates that the transport 








Acknowledgements .................................................................................................................. ii 
Abstract ................................................................................................................................... iv 
Contents ................................................................................................................................... vi 
Figures ...................................................................................................................................viii 
1 Introduction .......................................................................................................................... 1 
1.1 Research Motivation ........................................................................................................ 1 
1.2 Plasma Synthesis of Semiconductor Nanocrystals .......................................................... 2 
1.3 Thesis Overview .............................................................................................................. 5 
2 Electronic Transport in Nanocrystal Films ....................................................................... 7 
2.1 Introduction ..................................................................................................................... 7 
2.2 Quantum Confinement in Nanocrystals .......................................................................... 8 
2.3 Hopping Conduction in Nanocrystal Films ................................................................... 10 
2.4 The Impact of Defect States .......................................................................................... 17 
2.5 Conclusion ..................................................................................................................... 21 
3 Electronic Measurement Techniques for Semiconductor Nanocrystals ....................... 22 
3.1 Introduction ................................................................................................................... 22 
3.2 Temperature-Dependent Conductance .......................................................................... 23 
3.3 Field-Effect Transistor ................................................................................................... 27 
3.4 Electrochemical Gating ................................................................................................. 33 
3.5 Deep Level Transient Spectroscopy .............................................................................. 36 
3.6 Thermal Admittance Spectroscopy ............................................................................... 43 
3.7 Conclusion ..................................................................................................................... 46 
4 Variable Range Hopping Conduction in ZnO Nanocrystal Thin Films ........................ 48 
4.1 Introduction ................................................................................................................... 48 
4.2 Experimental Methods ................................................................................................... 51 
4.3 UV Photochemical Conductance Measurements .......................................................... 51 
4.4 ZnO Admittance Spectroscopy: Applicability and Challenges ..................................... 61 





4.6 Future Work................................................................................................................... 65 
5 Defects and Transport in Ge NC Films ............................................................................ 66 
5.1 Introduction ................................................................................................................... 66 
5.2 Experimental Methods ................................................................................................... 68 
5.3 Results and Discussion .................................................................................................. 70 
5.4 Conclusion ..................................................................................................................... 85 
5.5 Future Work................................................................................................................... 86 







Figure 1.1: Plasma reactor diagram for ZnO NC synthesis. ...................................................... 3 
Figure 1.2: XRD and PL spectra for Si NCs. ............................................................................ 4 
Figure 1.3: XRD and PL spectra for ZnO NCs ......................................................................... 4 
Figure 1.4: STEM-EDX elemental maps of ZnO NC films infilled with ALD Al2O3 .............. 5 
Figure 2.1: Size tunable emission across the visible spectrum for Si NCs. .............................. 8 
Figure 2.2: Comparison of bulk and quantum confined energy levels ...................................... 9 
Figure 2.3: Diagram of energy disorder in a periodic lattice. .................................................. 11 
Figure 2.4: Emission and absorption spectra dependence on ligand length. ........................... 12 
Figure 2.5: Evidence of increased NC coupling energy due to shift in the excitonic absorption 
feature. ........................................................................................................................ 13 
Figure 2.6: Effective medium approximations for NC film dielectric constant. ..................... 14 
Figure 2.7: Size-dependent conductivity of PbSe NCs and measured hopping energy. ......... 16 
Figure 2.8: Comparison of hopping transport mechanisms. .................................................... 17 
Figure 2.9: Hydrogen passivation of Si NCs. .......................................................................... 18 
Figure 2.10: Diagram of the population and emptying of Se vacancies in CdSe by the 
progressive increase of Ag atoms. .............................................................................. 19 
Figure 2.11: Trap response in PbS NC solar cell. ................................................................... 19 
Figure 2.12: Mid-gap states in PbS NC FET. .......................................................................... 20 
Figure 3.1: Temperature-dependent conductance for intrinsic Si NCs. .................................. 24 
Figure 3.2: Field-dependent conductance for films of intrinsic Si NCs. ................................. 25 
Figure 3.3: Temperature-dependent conductance for films of doped Si NCs. ........................ 26 
Figure 3.4: Temperature-dependent conductance for undoped PbSe NCs. ............................. 27 
Figure 3.5: CdSe MOSFET measurements as a function of temperature. .............................. 29 
Figure 3.6: PbS FET measurements with SiO2 bottom gate and polymer top gate. ................ 30 
Figure 3.7: PbSe MOSFET measurements for hopping conduction. ...................................... 31 
Figure 3.8: PbSe ion gel FET characteristics. ......................................................................... 32 
Figure 3.9: Variable range hopping conduction in CdSe NCs observed with electrochemical 
gating........................................................................................................................... 34 
Figure 3.10: ZnO NC electrochemical charge injection and corresponding conductance 
measurements. ............................................................................................................. 36 





Figure 3.12: DLTS results for PbS NC solar cells. ................................................................. 40 
Figure 3.13: Band diagram for DLTS using MOS device with embedded Ge NCs. .............. 41 
Figure 3.14: MOS DLTS of Si NCs ........................................................................................ 42 
Figure 3.15: Band diagram, charge distribution, and data for TAS. ....................................... 44 
Figure 3.16: TAS measurements and model for PbS NC solar cell. ....................................... 45 
Figure 4.1: Resistivity at 250 K vs UV exposure time for ZnO NCs with partial ALD Al2O3 
infill. ............................................................................................................................ 53 
Figure 4.2: VRH transition in ZnO NC films. ......................................................................... 54 
Figure 4.3: Mott and Efros-Shklovskii temperatures as a function of UV exposure time for ZnO 
NC films ...................................................................................................................... 55 
Figure 4.4: FTIR spectra of films infilled with 15 ALD cycles exposed to H2O to saturation56 
Figure 4.5: Density of states as a function of ALD infill cycles for ZnO NC films ............... 57 
Figure 4.6: Electron localization length as a function of UV exposure time .......................... 58 
Figure 4.7: Model of surface and interface depletion in ZnO NC films before and after exposure 
to UV light for different post-deposition treatments. .................................................. 59 
Figure 4.8: Comparison of Arrhenius plots for lateral I-V vs vertical TAS ............................ 63 
Figure 4.9: Arrhenius plots for lateral IV vs vertical TAS at a range of biases ...................... 64 
Figure 5.1: Transfer and characteristic curves for Ge NC FETs deposited from solution ...... 66 
Figure 5.2: TAS data for Ge NC film infilled with 70 cycles of ALD Al2O3 ......................... 73 
Figure 5.3: I-V measurements for Ge NC FETs deposited from the gas phase. ..................... 75 
Figure 5.4: TAS measurements for Ge NC FETs. ................................................................... 77 
Figure 5.5: C-V measurements for Ge NC FETs. ................................................................... 78 
Figure 5.6: Capacitance spectra for Ge NC FET with Al contacts annealed at 400 ᵒC ........... 79 
Figure 5.7: Surface potential in inversion for Ge NC FETs .................................................... 80 
Figure 5.8: Measurements of Ge NC FET annealed at 500 ᵒC, infilled with ALD Al2O3, and Al 
contacts annealed at 400 ᵒC. ....................................................................................... 82 
Figure 5.9: Arrhenius plots of sheet resistance in a Ge NC FET infilled with ALD Al2O3 
showing an apparent transition from NNH to M-VRH. .............................................. 84 





1.1 Research Motivation 
 Semiconductor nanocrystals (NCs) have emerged as promising new materials for electronic,1–4 
optoelectronic,5–10 and thermoelectric11–14 applications. The bandgap of these materials can be tuned by 
adjusting the NC size, enabling a degree of control that is usually only possible with chemical changes in 
bulk materials. With this tunability, the alignment of energy levels, the density of states, and the optical 
absorption and emission spectra can all be adjusted to suit the intended application. To fully realize the 
potential of these materials, however, more knowledge of the physics governing charge transport in NC 
thin films is necessary. Most applications require conductive films, which means that electronic states 
between NCs must be strongly coupled to one another. On the other hand, the size-dependent properties 
that make NCs so interesting also inherently require isolation. Understanding the interaction of these 
parameters and how they can be made to work together is necessary for further development. To achieve 
this, we need more detailed knowledge concerning surface engineering in NC thin films and how the 
charge concentration, density of states, and electronic coupling interact to govern the conductivity. 
 In particular, this work looks to focus on NC materials that show long-term potential for sustainability 
and stability, with earth-abundant materials and a low degree of environmental hazard. Work in the 
Kortshagen group has focused on developing plasma synthesis methods for such materials, with a 
particular concentration on Group IV materials (Si and Ge) and metal oxides, particularly ZnO, which 
does not share the same environmental concerns as some other commonly studied II-VI materials like 
PbSe, PbS, CdSe and CdS. The Group IV materials, in particular, are uniquely suited for our unique 
plasma synthesis techniques due to the high crystallization temperature associated with these materials,15 
giving our group unique opportunities to explore these important materials in detail. ZnO has shown great 
potential in applications that require high conductivity, such as replacement films for transparent 
conducting materials containing rare elements such as indium tin oxide, and thus increasing our 





1.2 Plasma Synthesis of Semiconductor Nanocrystals 
 Most semiconductor nanocrystals found in the literature are produced using colloidal synthesis 
techniques.16,17 The resulting NCs are of high-purity with low size dispersion (standard deviations of 5-
10% are typical).17–21 The mean crystal size can be tuned by adjusting the temperature and/or time of the 
synthesis process. The resulting NC suspensions can be used for optical measurements directly or 
deposited onto substrates as films with standard solution process techniques (i.e. spin coating, drop casting, 
roll-to-roll deposition, ink jet printing, etc.) that can produce dense films, with ordered arrays possible 
through proper control of the processing.17,22–26 Such NCs have been shown to achieve high 
photoluminescent quantum yield (PLQY),9,27 good electrical conductivity,28–30 and have been utilized in 
NC devices from solar cells7,8,31–33,33 to LEDs9,10,34–39 to MOSFETs1–4,40–45 and more. 
 A significant limitation to colloidal NC techniques, however, is the necessity of using long, electrically 
insulating ligands to form stable suspensions and avoid NC agglomeration. In order to achieve significant 
electrical conductivity, the initial ligands must be exchanged for shorter ligands8,46 or conductive surface 
passivation.28 This complicates the processing and forces the engineer to make decisions in processing that 
may not be desirable for the ultimate utility of the device. 
 Nonthermal plasma synthesis can avoid these limitations. Generally, a radio frequency (RF) Ar 
plasma is used to generate high-temperature electrons (~40,000 K) while the gas remains near room 
temperature.  Most of the power from the RF field is absorbed by the electrons. The heavier components 
(ions and neutrals) absorb very little kinetic energy from collisions with the high-energy electrons. 
Precursors for the desired material are injected into the plasma with pressures typically maintained in the 
range of 1-10 Torr. The precursors dissociate and ionize, creating extremely reactive radicals. These 
nucleate and grow to form the high-purity crystals, and the growing crystals are isolated by Coulomb 
repulsion due to a buildup of negative charge from collisions with electrons in the plasma. As a result, 
relatively low size dispersions are achievable, approaching that of colloidal synthesis techniques without 





sufficient thermal and adatom energy to ensure highly crystalline NCs.47,48 Following the initial synthesis 
stage, secondary gases can be introduced to facilitate etching and/or surface passivation49,50 or to grow 
core/shell structures in-flight. Finally, in order to achieve measurable conductivities, relatively dense films 
are required. In some circumstances, NCs can be collected as a loose powder on a stainless steel mesh and 
then dispersed into solution and functionalized with ligands to continue processing in the same manner as 
standard colloidal NCs. Some plasma-synthesized NCs have even been found to form stable suspensions 
without the use of ligands.51 However, to avoid the use of ligands altogether, the synthesis stage can be 
carried out upstream of a nozzle through which the gas flow rapidly expands into the low-pressure (<100 
mTorr) deposition chamber. The stream of particles can reach supersonic velocities and be collected via 
inertial impaction as a dense film on top of virtually any chosen substrate that can is scanned below the 
nozzle.52,53 An example of this design is shown in Figure 1.1. 
 





 This reactor design has been used for a variety of NC materials. It was initially developed for growing 
Si NCs,54 using a 5% SiH4/95% He precursor gas along with H2 injected downstream into the afterglow 
of the plasma for etching and passivation (Figure 1.2). In this work, the same basic design was used to 
grow two NC materials: ZnO55 using diethylzinc (DEZ) and O2 as precursors as developed by Felbier et 
al. (Figure 1.3), and Ge56 using GeCl4 as a precursor with H2 injected to encourage nucleation and provide 
surface treatment as developed by Gresback et al. 
 
Figure 1.2: XRD and PL spectra for Si NCs. a) XRD spectra for Si NCs showing crystal size tuning 
from 2.8 nm to 4.7 nm with varying Ar flow rate. b) Corresponding PL intensity showing a maximum 
PLQY >60%. Figure extracted from Chen.57 
 
 
Figure 1.3: XRD and PL spectra for ZnO NCs a) XRD spectra and TEM image for ZnO NC. b) 
Photoluminescent emission showing exciton wavelength shift with NC size. Figure extracted from 





 After deposition, further processing is often used to adjust or improve the charge transport 
characteristics. For example, thermal annealing and UV treatment are both common techniques. We also 
used atomic layer deposition (ALD) to infill our films with passivating material (most commonly Al2O3) 
to reduce the concentration of surface defects and to alter the dielectric environment of the film. The high 
aspect ratios that can be conformally coated using ALD make it ideal for filling in the small pores of NC 
films, even in the case of films on the order of 1 𝜇m thick with pore diameters on the order of 1 nm (Figure 
1.4). This process has been used in a variety of NC films and has been shown to improve device 
performance and stability.53,58,59 
 
Figure 1.4: STEM-EDX elemental maps of ZnO NC films infilled with ALD Al2O3 for a) Zn and b) 
Al. This shows the penetration of infill throughout the entire depth of the film. Figure extracted from 
Greenberg.60 
1.3 Thesis Overview 
 This thesis focuses on the role of disorder and defect states in electronic transport in NC thin films 
synthesized using the nonthermal plasma techniques and deposited directly from the gas phase, as 
discussed in Section 1.2. These methods allow us to bypass the use of insulating ligands for passivation 





• Chapter 2 provides an overview of electronic theory in semiconductor NCs, including energy level 
quantization, disorder in NC films and the transport regimes that emerge as a result, and the role 
of defect states in these processes. 
• Chapter 3 summarizes some of the most common electronic measurement techniques for 
semiconductor NC films. Examples from the literature are included to demonstrate some of the 
potential applications of these techniques and advantages/disadvantages are discussed. Both dc 
and frequency-dependent, spectroscopic techniques are covered. 
• Chapter 4 covers our work on ZnO NCs, focusing on the role of surface defects in determining the 
temperature dependence of hopping conduction in these films. This extends the work of the 
Kortshagen group, specifically that of Elijah Thimsen and Benjamin Greenberg48,53,61 by focusing 
on the role of defects in the insulating conduction regime and further understanding the role of 
surface chemistry and ALD passivation. 
• Chapter 5 details our work on Ge NCs, specifically understanding the impact of defect states and 
surface passivation using atomic layer deposition on the characteristics of field-effect transistors 
using these films. This work was builds on previous work by the Kortshagen group, with Ge NC 
synthesis and deposition performed by Katharine Hunter and original FET measurements 






2 Electronic Transport in Nanocrystal Films 
2.1 Introduction 
 Understanding the fundamental rules of electrical transport has always been necessary for the 
development of semiconductor devices. In bulk materials, this is generally considered to be governed 
mainly by critical parameters such as carrier concentration (determined by the density of dopants and 
traps), mobility (a measure of scattering and loss within the material), and energy barriers (bandgap, 
Schottky barrier height, and deep trap energies). Most crucially, the electronic properties of a 
semiconductor can be predictably and reliably tuned by adjusting the concentration of free charge carriers 
through the intentional introduction of dopant impurities. It is this capability that gives semiconductors 
their unique position in the world of materials and enable the creation of devices such as transistors, solar 
cells, LEDs, and more.  While these same phenomena are at work in NC films, there are other equally, or 
often more, important factors to consider. 
 The electronic structure of NCs differ from their bulk counterparts due to quantum confinement 
effects, increasing the bandgap and altering the density of states. This is one of the reasons that there is 
such great interest in developing them for use in a wide range of applications. The bandgap of a bulk 
material, generally the primary factor in setting the semiconductor’s emission and absorption spectra and 
thus critical to devices such as solar cells, is essentially constant in the bulk. However, the size-tunable 
bandgap of NCs enables this property to be easily adapted for the specific application. In order to fully 
realize these advantages, however, further understanding of the complexities involved in NC charge 
transport is needed. The importance of interfaces and disorder, relevant to any polycrystalline material, is 
amplified to its extreme in NC films. Inhomogeneity in NC size, spatial distribution, and chemical makeup 
can cause electrons to spontaneously redistribute, resulting in a realignment of energy levels between NCs 
due to charging. Combined with the large degree of electron localization usually observed in a NC, this 





2.2 Quantum Confinement in Nanocrystals 
 In a bulk crystalline material, the electronic structure consists of states distributed continuously in 
energy and delocalized spatially across the crystal as a result of the interaction between the periodicity of 
the crystal structure and the electron wave functions. For a crystalline semiconductor the density of states 
exhibits a sharp bandgap, an energy range devoid of electronic states.  The band of states below this gap 
is defined as the valence band, whose electrons are localized, participating in chemical bonds. The band 
above the gap is the conduction band whose electrons are free to move due to a high concentration of 
unoccupied states.  
Semiconductor NCs can range in size from diameters as large as ~100 nm to as small as 1 nm. When the 
radius becomes small enough, comparable to the size of bound electron-hole pairs in the material (known 
as the Bohr exciton radius), the bandgap will increase with decreasing crystallite size. This is generally 
observed near a diameter of 5-10 nm, although the specific values vary depending on the material. Silicon, 
for example, has a Bohr radius of ~2.4 nm,62 and previous work has shown tuning of the emission across 
the full visible spectrum at NC diameters <4 nm, shown in Figure 2.1.  
 
Figure 2.1: Size tunable emission across the visible spectrum for Si NCs. Figure is extracted from Pi et 
al.63 
 In a NC, the lowest energy electrons in the conduction band (or holes in the valence band) have 
wavelengths comparable to the size of the crystal, such that quantum confinement effects dominate, while 





The difference between these bulk and confined energy levels is shown in Figure 2.2. Following this 
diagram, the first electron excited to the conduction band will fill the confined 1S level, which can also 
contain at least one additional electron of opposite spin, with more allowed in materials that have multiple 
degenerate conduction band states. For example, Ge has a four-fold degeneracy allowing 8 electrons in 
this 1S level, while Si and ZnO have six-fold degeneracy allowing 12 electrons. Further electrons will fill 
the confined 1P level above this, which has higher degeneracy, and so on upwards. This energy level 
notation is taken from atomic electron orbitals, which follow similar rules. 
 
Figure 2.2: Comparison of bulk and quantum confined energy levels, showing electron wavefunction 
for 1S, 1P, and higher orbitals. Figure is extracted from Vanmaekelbergh and Liljeroth.64 
 This is directly comparable to the simple particle in a box problem, which assumes an infinitely deep 







∇𝑟 + 𝑉(𝑟)] 𝜑(𝑟) = 𝐸𝜑(𝑟) (2.1) 
This gives an estimate for the energy levels in a NC of diameter d with an electron (or hole) effective mass 
m*, here assuming no extra degeneracy in the energy levels.62 These first three (nonzero) energy levels 
















3 ≤ 𝑛 ≤ 8
9 ≤ 𝑛 ≤ 18
 (2.2) 
 The simplified picture presented here applies well to isolated NCs. However, when NCs are 
assembled into films for use in electronic devices, additional factors related to variability in NC size, 
spacing, and chemical composition must be taken into account. The disorder inherent to these systems 
leads to what is known as hopping conduction. 
2.3 Hopping Conduction in Nanocrystal Films 
 Due to the limitations of colloidal synthesis and deposition methods, many NCs require surface 
ligands to stabilize the suspensions during processing. When these NC are deposited as films, these ligands 
necessarily create gaps between NCs due to their finite lengths.5,9,16,17,46,65 However, even in the case of 
direct contact without ligands, there are still large barriers to conduction caused by disorder in the network. 
51,53,59,61 In either case, these systems are governed by several key parameters, namely 1) site-to-site energy 
disorder (characterized by Δ𝛼) which leads to Anderson localization66 (Figure 2.3), 2) the tunneling rate 
between NCs (Γ), and 3) the NC charging energy (𝐸𝑐). Together, these factors lead to hopping conduction, 
a term general used to describe a phonon-assisted tunneling process that involves a combination of thermal 






Figure 2.3: Diagram of energy disorder in a periodic lattice. The density of states as a function of 
energy for each case is also shown. Figure is extracted from Mott.67 
 The energy disorder parameter, Δ𝛼, is primarily related to variation in NC size. Even in the best case, 
NC size distributions generally exhibit standard deviations of a few to 5% with up to 10-15% not 
uncommon.68 Following Equation 2.2, NC energy levels vary as 1/𝑟2, therefore a 5-10% variation in 
diameter would lead to a 10-20% variation in energy. Confinement energies can vary widely, but values 
in the range of 0.1-0.5 eV are typical, leading to Δ𝛼~0.01-0.1 eV. These values can be larger than thermal 
broadening even at room temperature but will dominate at low temperatures. 
 The second important factor is the tunneling rate, Γ, which can be compared to energy scales through 
the exchange coupling energy 𝛽 ≈ ℎΓ, where h is Plank’s constant, which defines the strength of 
interaction between neighboring NCs.64,69 At large distances, the electron wave functions are completely 
confined to isolated NCs.70,71 As NCs are brought closer together, either through the removal of long, 
insulating ligands46 or direct NC-NC contact, the electron wavefunctions can spread across neighboring 
NCs or even multiple NCs, leading to delocalization. The tunneling rate is defined as72 
  Γ ∝ 𝑒𝑥𝑝[−2Δ𝑥/𝑎] (2.3) 
where 𝑎 = √
ℏ2
2𝑚∗Δ𝐸
 is the decay length, Δ𝑥 is the tunneling distance, and Δ𝐸 is the barrier height for 





spacing is observed. The tunneling rate can also be increased by lowering the energy barrier, which 
requires changing the interparticle medium (i.e. different ligands or infilling with smaller bandgap 
material). 
 Increases in this coupling strength can lead to band-like transport and delocalization across multiple 
NCs. This can be observed as a broadening and red shift in the excitonic feature (transition between the 
 lowest quantum energy levels in the valence and conduction bands) in the absorption spectrum, as 
observed by Liu et al. for films of PbSe NCs.46 By performing a ligand exchange process, they are able to 
decrease the interparticle separation and thereby increase the tunneling rate. This is shown Figure 2.4, 
where the optical bandgap decreases along with ligand length while the measured mobility and coupling 
energy both increase. 
 
Figure 2.4: Emission and absorption spectra dependence on ligand length. a) Excitonic absorption 
feature shifts to lower energies upon exchange with shorter ligands. b) This trend also corresponds 
with an increase in the measured coupling energy and electron mobility. Figure extracted from Liu et 
al.46 
 Similar trends have also been observed by Choi et al. by annealing dense films of CdSe NCs to 
increase the coupling strength (Figure 2.5).73 In this case, the effect is not explicitly linked to a decrease in 






Figure 2.5: Evidence of increased NC coupling energy due to shift in the excitonic absorption feature. 
a) The negative trend in mobility with increasing temperature b) also supports the theory of band-like 
transport. c) The diagram shows the increasing coupling with thermal annealing resulting in the 
formation of extended bands. Figure extracted from Choi et al.73 
 Finally, the charging energy accounts for the Coulomb repulsion between excess charge on a NC 
(from an excess free carrier on a NC without any dopants, for example) and the induced charge at the NC 
surface due to dielectric polarization between the NC dielectric environment ( 𝑁𝐶) and the dielectric 
environment of the surrounding medium ( 𝑖). This results in a charging energy 




where 4𝜋 0 𝑖𝑑 is the self-capacitance of the NC. This is correct for a single NC of high dielectric constant 





of 𝑖. In the case of large spacing between NCs (as is the case with long ligands), the canonical Maxwell-
Garnett formula applies, which depends on the volume fraction of NC, 𝜙.74 
  𝑟 = 𝑖
𝑁𝐶+2 𝑖+2𝜙( 𝑁𝐶− 𝑖)
𝑁𝐶+2 𝑖−𝜙( 𝑁𝐶− 𝑖)
 (2.5) 
 However, this formula breaks down as the interparticle spacing decreases (or even becomes less than 
zero in the case of faceted NC arrays). This was shown by Reich and Shklovskii75 who developed a 























The difference with this model is highlighted in Figure 2.6, showing good agreement with numerical 
calculations. This model agrees completely with Maxwell-Garnett in the limit of large separation, as would 
be expected, but deviates significantly as the separation drops below ~5% of the NC diameter. 
 
Figure 2.6: Effective medium approximations for NC film dielectric constant. Solid red line (5) 
indicates values calculated from equation 2.6 for 𝜺𝒊 = 𝟏 and 𝜺𝑵𝑪 = 𝟑𝟎, with the dashed lines (3 and 4) 
indicating the limiting cases used to determine this model. Solid lines labeled B and MG show 
corresponding calculation from Bruggeman and Maxwell-Garnett model, respectively. Circles show 
numerical calculations from Sareni et al.76 Figure extracted from Reich and Shklovksii.75 
 Returning to the charging energy itself, values can vary widely from entirely negligible in the case of 





NCs of small size (<5 nm) with free space as the medium ( 𝑟~ 𝑖 = 1). For example, in the case of  3 nm 
Ag NCs, a charging energy of 340 meV has been reported.77 
 The general starting point for deriving the resulting equation for hopping transport is modeling the 
NC network as a Miller-Abrahams resistor network,78,79 consisting of resistance values that depend 
exponentially on both tunneling distance and energy difference. 





]  (2.7) 
 In Equation 2.7, 𝑟𝑖𝑗 is the distance between sites, 𝜉 is the localization length, 𝑖𝑗 is the energy 
difference for the transition (relative to the site i or the Fermi level), 𝑘𝐵 is the Boltzmann constant, 𝑇 is the 
temperature, and 𝑅0 is a constant. From here models can be used to describe the distribution of distances 
and energies, from which the total resistance among all pairs can be minimized. From this, there are 
broadly three distinct regimes that we concern ourselves with, although special cases can occur, such as 
1D or 2D conduction. These regimes are illustrated in Figure 2.8 and correspond to Nearest Neighbor 
Hopping (NNH), Mott Variable Range Hopping80 (Mott VRH or M-VRH), and Efros-Shklovskii 
Variable Range Hopping78 (ES-VRH). The NNH regime occurs at high temperatures (where thermal 
energy is sufficient to easily overcome the barrier between neighboring sites) and/or low density of states 
(where distances for longer-range, lower-energy tunneling become increasingly large). This process has a 
simple Arrhenius dependence of 




where 𝐸𝑎 is an activation energy. This behavior has been observed in a variety of NC systems.
65,81–85 Kang 
et al. related the measured activation energy to a sum of the charging energy 𝐸𝑐 and the site disorder energy 







Figure 2.7: Size-dependent conductivity of PbSe NCs and measured hopping energy. a) Conductivity 
of PbSe NCs is observed to decrease with NC size. b) Extracted activation energy (black squares) is 
related to a sum of the Coulomb charging energy and site disorder energy. Figure extracted from Kang 
et al.81 
 As the temperature is reduced, the variation in site energy becomes significant and electrons will 
tunnel over longer distances to find sites with less energy mismatch, corresponding to variable range 
hopping and resulting in a weaker temperature dependence: 






with 𝑚 < 1 and 𝑇0 corresponding to a characteristic temperature. In the model proposed by Mott,86 the 








 where 𝛽 = 21.2 and 𝑔0 is the DOS at the 
Fermi level. In general, however, the DOS is not constant. This is due to the Coulomb interaction between 
electrons that causes some NCs to obtain a negative charge while others obtain a positive charge as 
electrons spontaneously redistribute through the network. As a result, the DOS at the Fermi level goes to 
zero in a parabolic Coulomb gap.87 The resulting conductivity (ES-VRH) shows a temperature 
dependence with 𝑚 =
1
2
 in any dimension and 𝑇0 = 𝑇𝐸𝑆 =
𝐶𝑒2
4𝜋 0 𝑟𝑘𝐵𝜉
 where C is a constant generally 






Figure 2.8: Comparison of hopping transport mechanisms. a) Nearest Neighbor Hopping (NNH). 
b) Variable Range Hopping (VRH) for both Mott and Efros-Shklovskii models. Figure extracted from 
Chen.57 
2.4 The Impact of Defect States 
 Up to now, we have only discussed NC films in an assumed pure state. In reality, a certain 
concentration of defects will exist in any material, NC or otherwise. These can be errors in the crystal 
structure such as vacancies, interstitials, and dislocations. It could also be impurities, although current NC 
synthesis techniques are generally capable of producing crystals of outstanding purity. More commonly 
associated with NC films are defects associated with bonding at the surface, where the otherwise perfect 
crystal ends and interfaces with the environment. Any of these defects can potentially lead to a nonzero 
DOS in the forbidden gap of the material, either at a single energy level or across a distribution of energies. 
Defect levels near the band edges can easily be filled or emptied due to thermal energy, resulting in a 
contribution of carriers to the bands, so these are referred to as donors or acceptors. States that lie deeper 
in the gap will not be readily thermalized and can act as trap states, reducing the carrier concentration. Such 
states can also enhance the nonradiative recombination rate and produce a corresponding reduction in the 
photoresponse. This is of particular concern in applications such as LEDs and solar cells. This trap-assisted 
recombination is described by the Shockley-Read-Hall (SRH) equation88–90 and leads to a reduction in the 
internal quantum efficiency 𝜂𝑖𝑛𝑡. 





















In Equation 2.11 the relevant trap parameters 𝑁𝑇 and 𝐸𝑇 represent the trap state density and energy relative 
to the conduction (or valence) band, respectively. This effect was observed by Anthony et al.91 with the 
reduction in defect density, measured by electron paramagnetic resonance (EPR), upon injection of H2 
into the afterglow of the synthesis plasma and a corresponding increase in the photoluminescent quantum 
yield (Figure 2.9). 
 
Figure 2.9: Hydrogen passivation of Si NCs. a) Quantum yield as a function of H2 injection rate. b) The 
corresponding Fourier Transform Infrared Spectroscopy (FTIR) measurements showing a change in 
the Si-Hx bonding at the surface of the NCs. Figure extracted from Anthony et al.91 
 The transport properties are also affected due to the reduction in free carrier concentration. Almeida 
et al. performed EPR measurements to track the population of Se vacancy defect states in CdSe NCs as a 
function of controlled doping with Ag.92 They found an initial increase in the signal as introduction of Ag 
acted as a donor to raise the Fermi level and charge more of the trap states, followed by a decrease as 






Figure 2.10: Diagram of the population and emptying of Se vacancies in CdSe by the progressive 
increase of Ag atoms. Figure extracted from Almeida et al.92 
 Similarly, Bozyigit et al. have performed a variety of studies on transport in NC films with the aim of 
understanding the influence of traps.93–96 A summary of one such measurement is shown in Figure 2.11, 
where they measured trap response in a Schottky diode solar cell fabricated using EDT treated PbS NCs. 
They observed a shift in the Fermi level after aging the film in air and a corresponding change in the I-V 
characteristics under illumination. 
 
Figure 2.11: Trap response in PbS NC solar cell. a) Device design and energy diagram showing the 
model of a mid-gap trap state distribution, with a measured increase in the Fermi level after 2 days in 
air. b) I-V characteristics under AM1.5G illumination before (solid) and after (dashed) aging in air for 
2 days. The reduction in current after aging is consistent with an increase in the Fermi level. Figure 
extracted from Bozyigit et al.93 
 Nagpal and Klimov used a field-effect transistor (FET) architecture combined with photoexcitation 
(they refer to this as an optical FET or OFET) to explore the role of mid-gap states in 3.3 nm PbS NCs 
with oleylamine ligands.97 Their work supports a model of a distribution of weakly-coupled mid-gap states 
associated with the surface ligands, which is mostly full in equilibrium but can be partially emptied with 





illumination with light of high enough energy to excite electrons from the valence band into these MGB 
states, increased conductivity through the more conductive valence band states is observed. They also 
make note of reports indicating relatively easy change of conductivity from n-type to p-type with small 
thermal or chemical treatments, indicating that a MGB model might help to explain this behavior given 
that the Fermi level only needs to move a small amount to change the band from mostly full to mostly 
empty.4,46,83,98,99 Figure 2.12 shows their model and conductance data, including the photoconductance 
spectra as a function of gate bias in Figure 2.12c, showing the appearance of the 1Sh (valence band 1S 
level) to MGB transition at 0.9 eV, well below the band to band transition at 1.3 eV. 
 
Figure 2.12: Mid-gap states in PbS NC FET. a) Model for mid-gap band density of states in PbS NCs. 
b) ISD vs Vg as a function of incident photon energy. c) Photocurrent as a function of photon energy 
and gate bias, showing the transitions to the MGB (M1S and MX). Figure extracted from Nagpal and 
Klimov.97 
 It is noteworthy that in this discussion of trap states we have essentially neglected the formalism for 
hopping transport discussed in the previous section. The reason for this is that these two models for 
transport have not been well integrated in the broader research community. Most work focuses on one 





dominate over the presence of trap states, or even be mediated through those trap states themselves. It is 
important to keep both models in mind when carrying out transport measurements on NC films, as 
assumptions involved with either can lead to different interpretations of the same data. 
2.5 Conclusion 
 It should now be clear that electronic transport in NC films, while still governed by the same physics 
at work in models of standard semiconductor transport, is greatly complicated by the strong confinement 
potentials and barriers between individual NCs. In NCs of small enough diameter, this leads to quantized 
energy levels with high densities of states in small energy ranges dictated by the size and variability of the 
NC ensemble. In addition, large disorder in NC size, chemical composition, and spatial position through 
the NC film lead directly to the dominance of hopping transport across a wide range of temperatures. 
These transport processes involve a temperature-dependent optimization of thermal activation and long-
range tunneling, from which different regimes of hopping can be identified. At high temperatures, thermal 
activation is rapid, leading to hopping conduction that takes place only across the shortest available 
distances. This is referred to as nearest neighbor hopping and is indicated by a log-linear relationship 
between resistance and inverse temperature. As the thermal energy decreases, longer-range tunneling is 
favored, so the film enters the Mott variable range hopping regime. Finally, at significantly low 
temperatures, the coulomb interaction between charge carriers becomes significant, and the soft gap in the 
density of states associated with this interaction begins to dominate transport. This regime is known as 
Efros-Shklovskii variable range hopping. In addition to these disorder-related phenomena, defect states 
can be just as significant as they are in bulk semiconductor transport by localizing charge carriers in 
mid-gap trap states. In NC films, where the crystalline core can be of exceptionally high purity, these 
defects are often located at or near the NC surfaces. As a result, their influence on conduction is magnified 






3 Electronic Measurement Techniques for 
Semiconductor Nanocrystals 
3.1 Introduction 
 Using the theory and models detailed in Chapter 2, we can now discuss some of the measurement 
techniques used for NC thin films. These can be broadly separated into two categories: time-independent 
(dc) techniques and time-dependent (spectroscopic) techniques. The dc techniques are all based on 
conceptually straightforward I-V measurements, either in thermodynamic equilibrium (Section 3.2) or 
with electrostatic or electrochemical control used to tune the concentration of charge carriers in the film 
and observe a wider range of transport properties. The later involves the use of devices such as field-effect 
transistors (Section 3.3) or electrochemical cells (Section 3.4) to induce high electric fields in the NC films 
and modulate the density of charge. 
 Two spectroscopic techniques developed for the analysis of bulk semiconductors are discussed. The 
first is a large-signal transient technique known as deep level transient spectroscopy (DLTS), which uses 
transient voltage pulses to produce large changes in NC charge levels and time-resolved measurement of 
the charge redistribution to obtain information about trap states and thermally activated conduction 
mechanisms (Section 3.5). The second is a small-signal harmonic technique known as thermal admittance 
spectroscopy (TAS), in which resonances in the complex admittance are measured in response to a small 
modulation of charge in the film. These resonant features can be measured as a function of temperature to 
extract transport properties, including trap state energies and densities (Section 3.6). In general, both of 
these spectroscopic techniques have the advantage of separating distinct rate transport processes to 
different spectral locations, and thus have inherently more information than the dc techniques. However, 
properly interpreting the frequency response of NC films is not always straightforward and can be 





3.2 Temperature-Dependent Conductance 
 Conductance measurements are typically the first method for electrical characterization of any 
material or device due to the simplicity of device design, measurement process, and data analysis. This is 
also true for NC films, for which simple two-point I-V measurements have proven an invaluable tool for 
investigating a wide range of materials. While the basic physics does not necessarily change, these films 
usually behave quite differently due to their discrete granular nature and relatively large degree of disorder, 
along with the extreme influence of surfaces, which can more easily be neglected in bulk materials. As a 
result, the dominant physical and chemical features for conduction and the appropriate experimental tools 
for measuring and characterizing these factors are still being developed. 
 While direct comparisons of room temperature conductivity between samples can give insight into 
the underlying transport phenomena, the knowledge gained is limited, as in any material system, due to 
the large number of factors that contribute to this single value. If, as in a standard Schottky junction, there 
is a barrier that is discrete in both energy and space, field-dependent measurements that yield non-linear 
conductance can be used as in standard analysis to extract the barrier height. However, due to the extreme 
disorder and high density of states in NC materials, this does not always occur as one would expect, as the 
Fermi level at NC/metal junctions can be strongly pinned and barriers to conduction can be dominated by 
mechanisms that are not relevant in standard semiconductor analysis. 
 In two separate papers,65,100 Chen et al. used temperature-dependent conductance measurements of 
intrinsic colloidal Si NCs passivated with surface ligands and ligand-free Si NCs doped with P in the gas 
phase before direct film deposition. As would be expected, intrinsic NCs with surface ligands were highly 
resistive, with 𝜌 > 108 Ω 𝑐𝑚 at room temperature. As a result, a vertical geometry was used to get 
reasonable current levels, with a device area in the range of 1-5 mm2 and film thicknesses on the order of 
100 nm. The potential concern with a device structure of this nature is that contacts can dominate the 
measured conductance. However, for low-conductivity films, this should not be a concern and can usually 





increase in conductivity due to aging of almost 103.  In all measurements, they observe thermally activated 
charge transport that they associate with NNH (see Section 2.3) with an activation energy related to the 
NC charging energy (Equation 2.4).Figure 3.1: Temperature-dependent conductance for intrinsic Si NCs. 
 
Figure 3.1: Temperature-dependent conductance for intrinsic Si NCs. Figure extracted from Chen et 
al.65 
 They also saw non-linear conduction at high electric fields, shown in Figure 3.2. The temperature 
dependence of the high field conductance decreased with field strength, eventually reaching 
approximately temperature-independent conduction at the highest measured field. They associate this with 
a lowering of the barrier for ionization from a NC to its nearest neighbor due to the Poole-Frenkel 
effect101,102 rather than diode behavior due to a Schottky junction. In addition, they use the field dependence 
at low temperature to describe the long-range field-assisted tunneling process by which conductance is 
enhanced at low temperature where thermal energy is insufficient to overcome barriers in the film. This 
tunneling distance can be given as 𝑥~2𝐸𝑐/𝑒𝐹,




From this and the charging energy measured at high temperatures, they are able to extract the localization 






Figure 3.2: Field-dependent conductance for films of intrinsic Si NCs. Extracted from Chen et al.65 
 With the more highly conductive doped Si NC films, they were able to perform a similar analysis. 
However, in these films, they observed E-S VRH (i.e. 𝑙𝑛𝐺 ∝ 𝑇1/2) with the slope of the exponential 




, they could again extract the localization length, shown in Figure 3.3. From this, they 
demonstrated that the increase in doping level resulted in an increase in the localization length, which they 
associated with an approaching transition from insulating behavior to metallic behavior, in which carriers 
are completely delocalized (𝜉 → ∞). This is a good example of the kind of analysis that can be done with 
simple two-point I-V measurements to gain further insight into the processes underlying charge transport 






Figure 3.3: Temperature-dependent conductance for films of doped Si NCs. Extracted from Chen et 
al.100 
 Romero and Drndic85 reported similar findings for films of undoped PbSe NCs. The results are shown 
in Figure 3.4, where they reported two regimes of thermally activated transport at high temperatures 
(>200 K) and a transition to E-S VRH at lower temperatures. Such a transition is expected, as discussed 
in Section 2.3, and being able to characterize this process in NC films provides crucial insight into the 
mechanisms that dominate the electronic transport. Similar to the work of Chen et al., they associated the 
thermally activated transport with a combination of NC charging energy and thermal generation of charge 
carriers across the bandgap, indicating in this case that the Fermi level was positioned far from the band 






Figure 3.4: Temperature-dependent conductance for undoped PbSe NCs. Extracted from Romero and 
Drndic.85 
 Making comparisons between different reports is problematic due to the vast differences in NC films, 
but for the sake of demonstration, we can attempt to learn about the differences in these materials through 
these measurements. The PbSe NC film shows a three-fold increase in localization length relative to 
intrinsic Si NCs, but has a room temperature conductivity five orders of magnitude lower. This may be 
indicative of this PbSe film having a much lower intrinsic carrier concentration and higher energy barriers 
for transport while simultaneously having material parameters that increase the localization length. This 
type of analysis allows us to characterize different materials or processing steps in ways that can be used 
to guide further NC material and device development. 
3.3 Field-Effect Transistor 
 Using the device structure of field-effect transistor (FET) is an excellent method to expand the range 
of measurements available and gain further insight into charge conduction physics in NC films. In its 
simplest form, experiments with such a device allow conductance measurements to be performed on a 
single film with a range of carrier concentrations by controlling the bias applied to an insulated electrode. 
This applied bias creates a strong electric field near the surface of the NC film, drawing in excess carriers 
(holes or electrons) depending on the strength of the bias. Generally, this device consists of a metal 





referred to as a metal-oxide-semiconductor FET, or MOSFET. The operation of this device is described 
by the capacitance as 𝐶′ = 𝑑𝑄′/𝑑𝑉 where 𝐶′ is capacitance per unit area, 𝑄′ is the charge density per 
unit area, and 𝑉 is the voltage across the capacitor. Under bias conditions such that the entire differential 
gate bias is dropped across the oxide, the capacitance becomes independent of bias and Δ𝑄′ = 𝐶′Δ𝑉 
describes the density of charge added to the surface of the NC film in the active area of the device, referred 
to as the channel. 
 Most measurements for NC films are performed in a bias regime such that the lateral field between 
the conducting contacts, referred to as the source and drain contacts, can be neglected. In this case, the FET 
shows ohmic behavior with a resistance that can be modulated by the gate bias and 
  𝐼𝑑 = 𝜇𝐶𝑜𝑥
′ 𝑊
𝐿








where 𝐼𝐷 is the drain current, 𝜇 is the mobility, 𝑊 and 𝐿 are the channel width and length, respectively, 
𝑉𝑔 and 𝑉𝑑 are the gate and drain biases, respectively, and 𝑉𝑡ℎ is the threshold voltage, which is defined as 
the gate bias for which 𝐼𝑑 = 0. At high enough lateral field strengths, the vertical potential near the end of 
the channel approaches zero, pinching off the conductive channel. This operating regime is referred to as 






most material characterization experiments, it is preferred to operate in the ohmic regime, avoiding 
saturation. 
 Figure 3.5 shows data collected by Turk et al. using a MOSFET structure with a CdSe NC film.43  
This experiment tells a similar story to that of Figure 3.3, where E-S VRH conduction at various Si NC 
doping levels was used to show an increasing electron localization length. In this case, a slightly different 
temperature dependence is found, with 𝑙𝑛𝜌 ∝ 1/𝑇2/3, which the authors associate with E-S VRH along 
with thermal broadening effects.104 From this model, they are able to extract the localization length, 
showing similar increasing behavior with carrier concentration to the data in Figure 3.3. In this case, 





with a range of doping levels. From a practical device standpoint, the capability for controlled doping is 
obviously a major synthesis requirement. However, from a characterization perspective, the ability to 
observe a range of conduction properties with a single device makes FET measurements very useful. 
   
Figure 3.5: CdSe MOSFET measurements as a function of temperature. Gate bias dependence of 
resistance as a function of temperature. b) Extracted localization length as a function of gate bias. For 
different assumed values of dielectric constant. Figure extracted from Turk et al.43 
 Another example of the advantages of FET devices is shown in Figure 3.6.42 These measurements 
used PbS NCs with a double gate design in which the NC film is deposited on a traditional SiO2 MOSFET 
substrate followed by subsequent deposition of polymer dielectric on top of the NC film. From this they 
could compare the conductance as a function of carrier density, shown on the left side of Figure 3.6, for 
the two gate dielectric materials, showing comparable current levels at much lower charge densities for 
the top gate with polymer dielectric. They used numerical analysis developed for modeling the drift and 
diffusion currents in organic thin film transistors with a mid-gap density of states105 to extract the interface 
trap densities for the two dielectrics, shown on the right side of Figure 3.6. They observed a dramatic 
reduction in trap concentration using the polymer dielectric, which explains the higher conduction at low 






Figure 3.6: PbS FET measurements with SiO2 bottom gate and polymer top gate. Left: Channel 
conductance as a function of gated carrier density for SiO2 (blue) vs polymer (red). Right: Trap density 
of states vs energy calculated from models of semiconductor charge transport with a mid-gap DOS. 
Figure extracted from Nugraha et al.42 
 Finally, two studies from Kang et al. using PbSe NCs show further use of the FET device for 
characterization of fundamental NC conduction physics. In one study, they used a heavily doped Si wafer 
as the gate material and substrate with a thermal oxide as a gate insulator, with a PbSe NC film deposited 
from solution as the active layer to form a MOSFET.81 They observed ambipolar behavior, as shown in 
Figure 3.7a with a temperature dependent mobility resulting in decreasing current levels down to 28 K. 
They were interested in investigating the transport properties as a function of NC size, so their studies did 
not take advantage of the ability to vary the gate bias. However, by having this ability, they were able to 
use NC films that were otherwise poorly conductive, as indicated by the off current in Figure 3.7a, and 
gate them to a more conductive state by applying a gate bias of Vg-Vth=50 V, giving a sheet charge 
concentration of 4 × 1012 cm-2, avoiding the necessity of altering the NC synthesis and deposition 
processes to fabricate conductive films. Under these bias conditions, they observe a size-dependent 
transition from ES-VRH to NNH as a function of temperature, as shown in Figure 3.7b-d. Such a study 
could be extended to include similar measurements at various gate biases and develop a more detailed 






Figure 3.7: PbSe MOSFET measurements for hopping conduction. a) Current vs gate bias as a 
function of temperature. b-d) Hopping conduction measurements at electron injection levels 
corresponding to ~𝟒 × 𝟏𝟎𝟏𝟐 cm-2, showing a NC size-dependent temperature transition from NNH to 
ES-VRH. Figure extracted from Kang et al.81 
 The other study from Kang et al.98 shows a different method for fabricating a FET device that is 
particularly well suited for many NC film applications. Here, they use an ion gel gate dielectric in which 
mobile ions form a high-capacitance nanometer-sized double layer in response to an applied electric field, 
which is capable of inducing high charge densities >1014 cm-2.106 This is fundamentally quite similar to 
electrochemical gating (see Section 3.4, below) but maintains the solid state device structure that is often 
desirable for measurements, particularly for vacuum and cryostat systems. These high charge densities are 
also useful for NC materials that may be highly resistive due to large surface state densities, as these may 
prevent significant Fermi level modulation with standard MOSFET devices due to capacitance and 






Figure 3.8: PbSe ion gel FET characteristics. Drain current vs gate voltage showing ambipolar 
behavior. b) C-V data used to calculate surface charge density for mobility measurements. c) Electron 
and d) hole carrier densities and calculated mobilities as a function of gate bias. Figured extracted 
from Kang et al.98 
 Figure 3.8 shows the results from this work on PbSe ion gel FETs. In this case, temperature-dependent 
measurements were not performed, although there is no reason such a measurement could not be made 
with this structure to obtain the kinds of information discussed above. However, these results do show the 
potential of these structures for characterizing NC films over a wide range of carrier densities. Figure 3.8b 
shows the measured C-V characteristics for the PbSe FET (red) and a test device on an intrinsic Si wafer 
(gray). This demonstrates an interesting feature of these devices that can be problematic, but also useful if 
properly understood. The capacitance values for hole accumulation (negative gate bias) for the NC and Si 
test devices are similar at 9 μF/cm2 and 7 μF/cm2, respectively, demonstrating the large capacitance 
possible with ion gel gating. However, electron accumulation tells a very different story, with the NC FET 
capacitance exceeding that of the Si test device by a factor of 3. 
 The authors offer several potential explanations, but the most plausible explanation for the increase in 
capacitance for NC devices compared to Si test devices is that they are in fact not operating in a surface 
gating regime but are instead operating in an electrochemical (bulk) regime. By applying large electric 





device area and inducing charge throughout the thickness of the film, rather than only at the surface. The 
diffusion coefficients for the cations ([EMIM]+) and anions ([TFSI]-) are given as 5.0 × 10−7 cm2/s and 
3.1 × 10−7 cm2/s, respectively, explaining the difference between electron and hole accumulation. As 
mentioned before, this effect can be problematic if not properly accounted for because it appears that more 
charge carriers are induced per NC than is actually the case. However, if the effect is properly understood 
and analyzed, this effect allows for charge gating throughout the entire film, which can prove very useful 
since the limitations of surface conduction, such as surface roughness and 2D geometry, are no longer a 
problem. These capacitance measurements are used to calculate the carrier concentration as 𝑁′ =
∫ 𝐶′ 𝑑𝑉𝑔/𝑒, which is shown in red for electrons and holes in Figure 3.8c-d, along with the corresponding 





.  The change in mobility with carrier concentration can be used to 
learn more about the density of states, trap concentration, and conduction mechanisms. 
3.4 Electrochemical Gating 
 Continuing from this discussion, it is worth briefly addressing the pure electrochemical gating 
measurements that can be performed on NC films.107–112 In such measurements the NC film and substrate 
are immersed in an electrolyte solution with a reference electrode and counter electrode that set the 
potential of the solution. Due to the porous nature of the NC films, ions in the electrolyte can readily diffuse 
into the film, inducing changes in carrier concentration uniformly throughout the film thickness. As in the 
ion gel gated FETs discussed above, these measurements have the capability of inducing very large charge 
densities, such that the NC conduction can be varied over a wide range and the influence of large trap 






Figure 3.9: Variable range hopping conduction in CdSe NCs observed with electrochemical gating. 
Left: Conductance as a function of temperature and average carrier density per NC. Right: Mott and 
E-S VRH slopes as a function of carrier density, correlated to the NC quantized orbital density of 
states. Figure extracted from Liu et al.107 
 Liu et al. used electrolyte gating in a cryostat measurement system to demonstrate changes in hopping 
conduction as a function of carrier density in CdSe NC films.107 The left side of Figure 3.9 shows 
temperature-dependent conductance as a function of carrier concentration, shown as average number of 
electrons per NC. The gray overlay maps the trend to visualize the peaks and valleys associated with the 
filling of NC orbitals. The conduction band of CdSe does not have any degeneracy, so the 1S and 1P levels 
can accommodate 2 and 6 electrons, respectively, which can be seen in the conductance measurements 
where a local maximum is observed at n=1, corresponding to a half full 1S level, followed by a local 
minimum at n=2 when the 1S level is filled. The density of states, shown in the inset on the right side of 
Figure 3.9, has a minimum at this point, leading to the low conductance. The measured conductance peaks 
again near n=5 with the 1P level half full, with larger conductance measured in the higher DOS 1P level 
compared to the 1S level. 
 For temperature-dependent measurements, they set the charging level while cooling the sample and 
electrolyte through the electrolyte’s freezing point before disconnecting the electrolyte electrodes and 
locking in the charge concentration. By measuring conductance as a function of temperature below this 
point, they were able to observe a transition from Mott VRH to E-S VRH. The temperature of this 
transition is proportional to 𝑔0𝜉





They used the E-S VRH relations (Section 2.3) to calculate 𝜉 based on the dielectric constant of the NC 
film and the Mott VRH regime to subsequently calculate 𝑔0. An interesting feature of the characteristic 
temperature reported in the right side of Figure 3.9 is the increase in 𝑇𝐸𝑆 in the low-DOS regions. As 
discussed in Section 2.3, this slope is related to the film properties by 𝑇𝐸𝑆 = 𝐶𝑒
2/𝜅𝑘𝐵𝜉, with 𝜅 being 
the dielectric constant and 𝐶 a constant generally given as 2.8. Liu et al. attempt to explain this increase in 
𝑇𝐸𝑆 through changes in the dielectric constant as a function of DOS, but they note that the typical model 
for this behavior, understood as a change in the oscillator strength between the interband transition and the 
lower energy intraband (1S-1P) transition, should only account for approximately a 10% change in 
dielectric constant. However, the change in 𝑇𝐸𝑆 would require a three-fold decrease in dielectric constant. 
An alternative explanation is that electrons lying in the low DOS portions of the conduction band are more 
localized that those in the higher DOS peaks, resulting in a smaller localization length 𝜉 in the valleys. In 
any case, this work demonstrates the capability of electrochemical gating to modulate the carrier density 
in NC films over a wide range such that filling of multiple quantized energy levels can be observed along 
with the corresponding changes in hopping conduction. 
 Another demonstration of electrochemical gating in NC films is shown in Figure 3.10, showing 
quantized energy level filling of ZnO NCs. Capacitance data from these measurements is used to calculate 
the injected charge, as shown in the upper left of Figure 3.10, which is used to calculate mobility values in 
the right side for two different NC diameters, 3.9 nm and 4.3 nm. The solid lines shown along with the 
charge measurements represent models calculated from absorbance measurements, showing excellent 
agreement. The integrated absorbance data is also shown in arbitrary units in the lower left of Figure 3.10 
to demonstrate the correlation between absorption and charge density. On the right side, stepwise increases 
in mobility are observed with filling of the NC energy levels, with the smaller NCs showing sharper 
transitions between orbitals. The larger NCs also show higher charge densities, reaching the level of the 






Figure 3.10: ZnO NC electrochemical charge injection and corresponding conductance measurements. 
Left: a) Injected charge as a function of applied bias. The black line is a sum of the red and blue 
gaussian distributions. b) Film conductance (black) and average electron density per NC (blue), along 
with integrated absorbance change (red), as a function of electrochemical bias. Right: Conductance 
and mobility as a function of carrier density for a) 3.9 and b) 4.3 nm NCs, showing stepwise increase 
due to energy level filling. Figure extracted from Roest et al.108 
3.5 Deep Level Transient Spectroscopy 
 Deep level transient spectroscopy (DLTS) is the first of two spectroscopic techniques that will be 
covered here. The measurement was developed in the 1970s by D. V. Lang for characterizing mid-gap 
trap states in semiconductors.113–115 This is a large signal measurement, in which a voltage pulse is applied 
for a short length of time to fill electronic states before returning the bias to the measurement level. The 
carriers now occupying nonequilibrium states will emit and redistribute to an equilibrium state with a rate 
that depends on temperature, the energy barrier for emission, and the strength of the underlying 






Figure 3.11: Theory of DLTS measurement technique. A one-sided p-n junction is shown. a) A reverse 
bias chosen for measurement establishes an equilibrium depletion region. b) An injection pulse reduces 
the width of this depletion region, filling mid-gap states at energy ET. c) The bias is then returned to 
the original state, and the non-equilibrium trapped carriers emit to the band with a time constant 
determined by the temperature, ET, and interaction strength. The corresponding depletion width 
relaxes back to its initial value as this trapped charge is removed. d) This is measured as a capacitance 
transient. e) Ratewindow analysis shows a peak as a function of temperature in the magnitude of the 
capacitance change 𝚫𝑪(𝚫𝒕 = 𝒕𝟐 − 𝒕𝟏). The temperature of this peak will depend on the value of 𝚫𝒕, so 
different values of 𝒕𝟐 and 𝒕𝟏 are chosen during analysis to determine the temperature dependence of 
the emission process. Figure extracted from Lang.113 
 The standard DLTS measurement is a capacitance transient (Figure 3.11d) measured at a frequency 
of 1 MHz. This is sufficiently fast that the trapped carriers cannot follow the signal, so the measured 
capacitance corresponds to the depletion capacitance described by the Mott-Schottky model as 






for a diode with built-in voltage 𝑉𝑏𝑖, dielectric constant , and space charge region of width 𝑊 containing 
a total charge density of 𝑒𝑁𝑠𝑐𝑟 at an applied bias 𝑉. The same basic technique can be used with current 
transients, which is referred to as Q-DLTS116 and has the advantage of not relying on the frequency 
response of the material being tested, which can be particularly important with NC films where it is not 










 The capacitance changes along with the depletion width in response to trap emission to maintain 
charge neutrality and keep 𝑁𝑠𝑐𝑟 = 𝑁𝐷
+ − 𝑛𝑇
− (or 𝑁𝑠𝑐𝑟 = 𝑁𝐷
+ + 𝑝𝑇
+ for donor traps) constant. Therefore, 
the capacitance as a function of time can be given as 










where 𝑁𝑇 is the total trap concentration, 𝑁𝐷 is the donor concentration (all of this analysis assumes an 
n-type semiconductor, although it is equally valid for p-type materials), and 𝜏𝑒 is the trap emission time 








with 𝐸𝑇 being the energy difference between the trap and the band edge and the prefactor 𝜈0 being the 
attempt frequency characterizing the strength of the interaction between the trap and the band. 
 In order to analyze the capacitance transients, ratewindow analysis is used, as shown in Figure 3.11e. 
In this analysis, the magnitude of the capacitance change Δ𝐶 = 𝐶(𝑡2) − 𝐶(𝑡1) is calculated at a range 
of chosen values for 𝑡2 and 𝑡1. These times set a measurement time constant as τe=(t2-t1)/ln(t2/t1), 
which can then be related to the trap parameters through Equation 3.4, with the temperature determined 
as the position of the peak in Δ𝐶(𝑇). By varying the chosen time constant 𝜏𝑒, the position of the peak in 
Δ𝐶(𝑇) shifts to different temperatures. One of the main advantages of DLTS is that the sign of the 
capacitance transient can be directly related to the polarity of the charge being trapped, making the 
distinction between majority and minority traps trivial. 
 DLTS has not yet been extensively applied to NC films, due to some of the difficulties in interpreting 
the frequency response of these materials. Indeed, any capacitance measurements can prove difficult to 
work with in NC films due to the high density of states in the quantized energy levels and potentially large 
mid-gap state densities associated with the large surface-to-volume ratio of small spheres. As a result, it is 





relatively small changes in capacitance that can be difficult to analyze quantitatively and which are easily 
interfered with by parasitic capacitances and series resistance in the system. In addition, the large barriers 
to conduction created due to disorder and weak electronic coupling throughout the film, as discussed in 
Section 2.3, make interpreting the results within the standard framework of semiconductor analysis 
difficult or impossible. 
 Despite these challenges, some valuable work has been reported. Bozyigit et al. reported on the use 
of Q-DLTS for the analysis of trap states in colloidal PbS NC solar cells.95 They used Q-DLTS instead of 
the traditional capacitance method because of the concerns mentioned above, namely that the depletion 
capacitance does not respond at high frequencies. As a result, they showed the capacitance is bias 
independent at these frequencies, so the DLTS capacitance transients would not indicate show any 
response, either. However, using dc current transients, they are able to measure the total charge emitted as 
a function of time and temperature and perform the same basic analysis. The results and models for this 
work are shown in Figure 3.12. They reported two separate response signals, which they label T1, 
corresponding to the slower, higher temperature response, and X, corresponding to the weakly 
temperature-dependent response observed at lower temperatures. By supporting the DLTS data with 
photoconductance measurements, they model these processes as shown in the right side of Figure 3.12. 
The T1 signal corresponds to emission from a mid-gap band of states to the conduction band, while the X 
signal is related to hopping conduction through this mid-gap band. Unfortunately, they do not attempt to 
analyze this mid-gap hopping conduction further, but similar conduction methods have been proposed for 
NC films elsewhere.97 
 In some NC systems, the lack of free carrier response at high frequencies could be taken as evidence 
of hopping conduction freeze-out, whereby the large barriers and weak coupling prevent free carriers from 
tunneling between NCs over short times. However, an inherent advantage in this regard of a material like 
PbS is its high dielectric constant. As a result, even a fairly porous film, should be expected to have 





most temperatures and certainly cannot account for the 400 meV activation energy that they reported. 
Because of this, their analysis probably is correct, with the understanding that there are very few free 
carriers present in the NC film, leading to full depletion and bias-independent capacitance at high 
frequencies. Conduction only proceeds via emission from the mid-gap states or more weakly via hopping 
within the mid-gap states. 
 
Figure 3.12: DLTS results for PbS NC solar cells. Left: a) Total charge emitted as a function of 
temperature at different measurement time constants with the corresponding Arrhenius plot shown 
for extracting the trap energy. b) The same data plotted as a function of time constant at different 
temperatures, showing the different rates of time constant decay with temperature for the processes 
labeled E1 and X. Right: Proposed models for the DLTS results. a) Band diagram for PbS NC Schottky 
diode assuming normal p-type doping of PbS. b) Alternative model assuming that the trap state forms 
a distributed mid-gap band in the upper half of the gap. c) Transport in this model showing conduction 
both in the conduction band states and via hopping through the mid-gap band. d) Density of states and 
energetic location of band energy levels and T1 mid-gap states. Figure extracted from Bozyigit et al.95 
 There is another device structure that has been used more extensively for DLTS NC characterization, 
although it has been almost exclusively used for NC grown using chemical vapor deposition (CVD), 
molecular beam epitaxy (MBE), or similar non-freestanding growth methods.117–125 These devices, most 
commonly metal-oxide-semiconductor (MOS) capacitors with NCs embedded in the oxide layer to act as 





Si) substrate into a NC layer. Generally, these devices have been fabricated for memory applications, 
where the long-lived charge storage in the NCs is utilized for its own purposes, rather than as a 
characterization tool for understanding NC energy states explicitly. However, there is no reason that this 
must be the case. In such a device, the depletion capacitance of the bulk semiconductor substrate is used 
as a transducer for the charge stored in the NCs. In this way, so long as the NCs can be assumed to be 
localized to a thin layer at the semiconductor surface, these states act effectively as interface states at the 
semiconductor/oxide interface, which have been studied extensively.126–136 The charging or discharging of 
these states alters the electric field in the bulk semiconductor, with a corresponding increase or decrease in 
the depletion width. 
 Figure 3.13 shows the band diagram model for a measurement scheme from Antonova et al.124 using 
DLTS techniques to analyze charge states in Ge NC embedded in dielectric films of either SiO2 or Al2O3 
by sputtering and subsequent annealing of nonstoichiometric films with varied percentages of amorphous 
Ge. In this study, they observed several separate trap signals, which they associated with quantized energy 
levels in the Ge NC as well as defect levels due to low-quality surfaces formed during NC growth during 
the annealing. 
 
Figure 3.13: Band diagram for DLTS using MOS device with embedded Ge NCs. Figure extracted 





 Another example of this type of DLTS measurement is shown in Figure 3.14, which used Si NCs 
grown in a qualitatively similar way to the Ge NCs discussed above, using thermal annealing of 
nonstoichiometric SiO2 to precipitate Si NCs. The data shown demonstrates the signal observed in the 
DLTS measurements using the depletion capacitance in the Si substrate as a measurement of the charge 
in the Si NCs. They were also able to correlate these emission signals with quantized energy levels in the 
NCs. 
 
Figure 3.14: MOS DLTS of Si NCs showing schematic device design and examples of DLTS data in 
devices with and without NCs. Figure extracted from Lv and Zhao.125 
 In general, these types of measurements have not been explored for free-standing NCs. There are 
certainly difficulties to proper device design and measurement interpretation, such that these 
measurements should mostly be considered as an advanced technique to include once more basic 
conduction measurements have been performed. The main difficulties in utilizing this structure for NC 
measurements center around eliminating or addressing unintended alterations of the emission time, 
specifically effects related to coupling between the substrate and the NC. If one desires to measure the 
emission processes taking place within the NCs, then it is desirable for the tunneling rate between the NCs 
and the substrate to be fast enough as to be neglected. If this is not the case, then it needs to be addressed 





interfere with the NC processes. Also, large charge densities can make measure setup and data analysis 
difficult, particularly if significant hysteresis is observed, so this should be addressed before proceeding 
further.  However, with proper care in passivating the substrate surface and deposition of NC and 
insulating layers, these techniques should be capable of accurately resolving specific energy levels in the 
NCs, both the quantized levels and mid-gap defect states. Such a measurement would also have the 
advantage of being adaptable to a wide range of semiconductor NC material systems, which would allow 
for rapid characterization of new materials for further device development. It should be noted that the 
methods and structures discussed here for DLTS can also be used with the TAS measurement (see Section 
3.6 below), with particular reference to a technique known as the conductance method.126,129,128,131 
3.6 Thermal Admittance Spectroscopy 
 The other spectroscopic technique we will discuss here is known as thermal admittance spectroscopy 
(TAS).  This measurement technique was developed around the same time as DLTS by D. L. Losee.137 
The underlying physics of trap emission rates are the same as those discussed with DLTS, however, the 
key distinction is that TAS is a small signal harmonic measurement. In this case, a small perturbation of 
the bias level is applied at frequency 𝑓 = 𝜔/2𝜋 creating an oscillation in the charge distribrution, shown 
in the left portion Figure 3.15.138 The complex admittance is measured as Y(ω)=Y'(ω)+iY''(ω), where 
𝑌′ and 𝑌′′ are the real and complex (in phase and out of phase) components. If the device is modeled as 
capacitance and conductance in parallel, this gives Y'=G and Y''=ωC. A more detailed model would 
show several capacitance and conductance components in parallel. These parallel impedances correspond 
to the depletion and trap responses, corresponding to the response of free charge carriers and trapped 
charge carriers, respectively. The response of trapped charge carriers near the Fermi level will show a 
resonant step in capacitance at a frequency 𝜔0 = 𝜈0exp (−𝐸𝑇/𝑘𝐵𝑇), just as described for DLTS in 





capacitance −𝑑𝐶/𝑑𝑙𝑛𝜔 = −𝜔𝑑𝐶/𝑑𝜔 and in the dielectric loss function ′′ = 𝐺/𝜔. This can be seen 
in the data shown in the right portion of Figure 3.15. 
 
Figure 3.15: Band diagram, charge distribution, and data for TAS. Peaks in 𝑮/𝝎 and inflection points 
in 𝑪 indicate resonant trap responses. Figure extracted from Barbolla et al.138 
 Compared to capacitance DLTS, TAS has the advantage of operating over a range of frequencies, so 
we don’t need to worry specifically about certain assumptions concerning free carrier response at 1 MHz. 
This, along with simplified measurement setup due to the equilibrium (small signal) nature of the 
technique and simplified data analysis due to no longer needing to use the ratewindow analysis described 
above, makes the TAS technique more easily adopted for new materials like NC films.93,94 However, one 
must be careful in interpreting the data from this measurement. For example, if a capacitance DLTS 
measurement does not work because the depletion capacitance does not respond at the 1 MHz 
measurement frequency, then the high-frequency capacitance will correspond to the geometrical 
capacitance of the device 𝐶𝐻𝐹
′ = 𝑁𝐶/𝑡𝑁𝐶 and the resonant step response in the capacitance spectra will 
be due to the resonant response of free carriers, not trapped carriers. If any trapped carriers can emit charge 





perspective, this can be understood as saying that it doesn’t matter if a charge is localized to a surface state 
or free to move about a NC if it can’t subsequently transport away from that NC. This is a situation that 
would essentially never occur in bulk semiconductors because of delocalized band transport but can be 
quite possible in NC films due to localization of charge within NCs. 
 
Figure 3.16: TAS measurements and model for PbS NC solar cell. a) Model for NC bandgap and trap 
position as a function of NC size. b) Model for charge transport in PbS NCs developed from TAS and 
supporting I-V measurements. Series resistance is attributed to hopping transport while diode 
behavior is attributed to Schottky contact and deep trap response. c) TAS data for fresh PbS NCs 
showing weak spectral response. d) Capacitance increases by a factor of 2-3 after aging in air. e) Model 
for trap density of states based on TAS data. Figure extracted from Bozyigit et al.93 and Bozyigit and 
Wood.96 
 TAS has so far seen little use in the field of NC device characterization, although a few attempts have 
been made to utilize this technique.33,93,94,139–143 A particular detailed and useful example, building off of 
their work on DLTS referenced above, is the work of Bozyigit et al.93,94,96 shown in Figure 3.16. These 
results support the DLTS data, where they find a deep state associated with hopping transport. As before, 
this energy is far too large to be related to a NC charging energy in PbS films, so it is most likely related 
to a deep trap state. It should be noted that in the model shown in Figure 3.16b, they show a distribution 





these states that are measured. However, as already discussed, the large hopping series resistance often 
observed in NC films results in these responses being unobservable as the signal is dominated by the 
resistance of the undepleted film, labeled 𝑅𝑠00 in their model. They relate the mechanism of this series 
resistance to Fermi pinning in the film due to a mid-gap state that increases in density with oxidation. They 
show that this state is actually a mid-gap band of states, as they suggested in the DLTS work shown in 
Section 3.5, and they relate the increase in density to a shift in the Fermi level to a higher DOS position 
within this band upon oxidation. 
 In this analysis, they develop a fairly complete picture of charge transport in these PbS films, 
demonstrating the potential value of spectroscopic techniques for NC films. However, it should be noted 
that they also report large shifts in conductivity in response to relatively small changes in measured trap 
density, which would be difficult to justify in standard semiconductor models. What this may fail to take 
into account is the potential for defects localized at or near the NC surface to simultaneously trap free 
carriers and decrease the coupling between NCs, resulting in conductivity changes that may be orders of 
magnitude greater than one would expect. It is also important to remember the relatively favorable 
properties of PbS, namely the high dielectric constant, that allow charge transport to be dominated by 
mid-gap trap responses more easily. In lower dielectric constant materials, the charging energy can be an 
order of magnitude higher or more, potentially rendering models like SRH recombination (see Equation 
2.11) irrelevant for electronic transport. This, along with other film disorder and NC coupling 
considerations, mean that one must be cautious in using these techniques developed for bulk 
semiconductor characterization. 
3.7 Conclusion 
 Due to the combination of high density of states, weak coupling, and large degree of disorder in NC 
films, along with large uncertainty and variability in making ohmic contact to NC films compared to bulk 
semiconductors, simple dc measurements have a relative advantage over spectroscopic measurements for 





constant associated with disorder and coupling (hopping conduction), making the advantages of 
spectroscopic analysis far less useful. However, in the case of NC films that show strong coupling and a 
reasonable degree of space charge modulation, where depletion widths of several NC diameters are 
possible, these frequency-dependent measurements should still prove quite useful in determining the 
position and concentration of mid-gap defect states. Due to the complexities involved with the device 
fabrication and data analysis, these should generally be considered as more advanced techniques for 





4 Variable Range Hopping Conduction in ZnO 
Nanocrystal Thin Films 
4.1 Introduction 
 Zinc oxide thin films have been heavily studied as a wide bandgap semiconductor 
for thin film transistor applications and photovoltaic devices. It can be heavily doped with 
aluminum and retain a mobility of more than 60 cm2/V-sec, providing an optically 
transparent material with a conductivity approaching that of indium tin oxide.144 A variety 
of zinc oxide nanostructures have also been reported145 including nanowires,146 
nanobelts,147 and nano propellers.148 The most commonly studied nanostructure of ZnO, 
however, are nanocrystals (NCs). Available commercially as powders and dispersions, 
they are used for their antibacterial, anti-corrosive, antifungal and UV filtering properties. 
The electrical properties of ZnO NC films however are somewhat more difficult to study 
due to their high surface area.149 Adsorbed species makes the conductivity of such films 
differ significantly from that of bulk single-crystals or even amorphous or polycrystalline 
thin films.150 Obtaining reproducible results in this type of material can be difficult. Recent 
work looked at the behavior of heavily doped ZnO NC films, specifically investigating the 
possibility of transition to metallic behavior.61 Here we investigate moderately doped ZnO 
NC films, detailing the effect of infill and surface contamination, as well as thermal and 
optical treatments to modify the surface. 
Lateral dc conduction measurements of ZnO NC films have shown that transport is 
dominated by hopping,61 as described in section 2.3. This type of conduction has a stretched 





, with γ depending on the details of 





γ=1/2 (Efros-Shklovskii variable range hopping or ES-VRH78,87,154), and γ=1/4 (Mott 3D 
variable range hopping or M-VRH80). In general, NC devices transition from Mott to ES 




⁄  where TM and TES, 
which are defined in the discussion section, are the Mott and Efros-Shklovskii 
temperatures, respectively. This crossover has been previously studied in nanocrystal films 
of CdSe.107 In both cases, the conductivity coefficient ρo depends on the strength of the 
electron-phonon interaction and the degree of electron localization.159 Highly conductive 
films of ZnO NCs, where the carrier density approaches its maximum value, follow ES-
VRH over a wide range of temperatures.61 At sufficiently low carrier concentration, we 
expect a further transition to nearest-neighbor hopping (NNH), which would follow direct 
thermal activation 𝜌 = 𝜌0 exp (
𝐸𝑎
𝑘𝐵𝑇
) with an activation energy associated with the energy 
difference between a NC with a free carrier and its neighbors. This has been observed in a 
variety of NC-based materials.65,81–85 
The room temperature resistivity of ZnO NC films has been shown to decrease by 
approximately 107 with the addition of a passivating Al2O3 infill grown via atomic layer 
deposition (ALD). This was correlated with a decrease in the concentration of surface-
bound OH and a corresponding increase in the carrier concentration, as measured by an 
increasing localized surface plasmon resonance (LSPR) absorption feature.53 It was later 
observed that both resistivity and OH concentration could be decreased in both infilled and 
non-infilled films through exposure to UV light with wavelength less than ~380 nm, with 
non-infilled films showing rapid reversal in air compared to infilled films, which showed 





related changes in conductivity have been reported in ZnO previously.160–169 This presents 
us with a convenient method for systematically controlling the carrier concentration and 
corresponding conductivity independent of infill, which can be used to expand our 
understanding of the hopping conduction in these films. 
The formation of surface hydroxyls has been studied for a wide variety of metal oxides 
in water. It is found that oxide anion and cation exchange sites accept protons from 
adsorbed water to form acid and base surface hydroxyl groups.170 The creation of these 
groups leads to a charge modulation across the surface that ultimately attracts polar 
molecules such as water through a van der Waals interaction. Indeed, many ALD processes 
involve the deposition of metal oxides using water vapor and so require such a process. 
The hydroxyl areal density depends weakly on the metal valence, but is generally saturates 
at about 2x1015 cm-2. Thus, a 10 nm diameter spherical particle would accommodate more 
than 6000 surface hydroxyls.  
In this case, the NCs are hydrolyzed by both air exposure and during ALD infilling. 
Hydrolysis from water vapor occurs for many metal oxides171 for water vapor pressures 
greater than ~1 mtorr.172 In the case of Al2O3 ALD, most of hydroxyls created by water 
vapor exposure are converted to O-(CH3)2 bonds by trimethyl aluminum exposure and 
Al2O3 by subsequent hydrolysis. Surface hydroxyls will deplete NC charge since Zn-OH 
formation will create localized states with an energy well below the bottom of the 
conduction band of ZnO. If the number of surface-bound OH groups is high enough, this 
effect will consume all of the as-deposited free carriers, estimated from LPSR to be ~400 







4.2 Experimental Methods 
 ZnO NCs were deposited using a process that was initially developed for Si NCs and adapted for ZnO 
and other materials.54,55 In this method, ZnO NCs were synthesized from the reaction of diethyl zinc and 
oxygen in an argon plasma and subsequently accelerated via expansion of the argon carrier gas through a 
slit orifice.52 The high velocity stream of ZnO NCs can then be deposited by inertial impaction onto a 
substrate scanned below the orifice in a reciprocating motion. The NC films were deposited at a thickness 
of ~100 nm. 
 The ALD infill procedure was performed using a Cambridge Nano Tech, Inc. Savannah series ALD 
system. Precursor gases were diethylzinc (DEZ) and H2O. The infill process was modified from standard 
ALD recipes to allow very long precursor exposures. The precursor pulse lengths were 100 ms and the 
purge times were 30 s. These processes resulted in infill deposition throughout the NC film, with solid 
fractions approaching 100% at 70 cycles.53  
 Measurement electrodes consisting of 300 nm Al were thermally evaporated through a shadow mask 
after any infill or annealing treatments. Lateral test structures were used. 
 During measurements, samples were mounted to a copper stage with an embedded resistive heater 
and temperature sensor mounted to cold head and helium refrigerator. All measurements were performed 
in the dark under vacuum. A viewport in the chamber was used to introduce 365 nm light from a Hg vapor 
lamp at ~5 mW/cm2 in measured doses in order to control the carrier concentration. Samples temperatures 
were kept below 250 K to minimize any backward reaction of residual H2O within the porous films. 
4.3 UV Photochemical Conductance Measurements 
 The data presented here was collected from ZnO NCs with an average diameter of ~10 nm 
synthesized using a gas phase plasma technique54,55 that enables high quality growth of a wide variety of 





removing the constraints inherent to wet chemistry such as the need for stable solutions. Post-deposition 
treatments, such as thermal annealing, UV annealing, and infilling of the porous structure using ALD have 
been shown to greatly increase the film conductivity. In particular, the use of ALD-grown Al2O3 to infill 
ZnO NC films has been shown to increase conductivity by almost seven orders of magnitude. This infill 
process follows the same procedure as a standard Al2O3 growth, but with increased pulse and purge times. 
This allows the precursor gasses to better penetrate the high aspect ratio structures within the film, resulting 
in a solid fraction approaching 100% for full infill (defined as 70 cycles). It is generally understood that 
this process stabilizes the NC surface against atmospheric variations and partially passivates surface states, 
but the details of the underlying mechanisms behind the large improvement in conductivity are still 
uncertain. 
 Fourier Transform Infrared Spectroscopy (FTIR) measurements of the LSPR absorption feature in 
the most highly conductive films show a carrier concentration of 7.6x1020 cm-3 inside the individual NCs 
that were fabricated identically to those studied here.61 At a solid density of 35-40%, this equates to 
~3x1020 cm-3 for the entire film. CV measurements indicated that the ZnO NC films were consistently n-
type, however, measured carrier concentration, as well as film conductivity, varied widely as a function of 
post-deposition treatment and measurement conditions such as light exposure, air exposure, and humidity, 
as well as the sample’s history/age. To account for this, films were saturated with H2O in the ALD chamber 
at the same temperature as the infill process (180 ˚C) and kept in the dark before loading into the cryostat 
for measurement. This ensured an as-received state with maximum OH concentration to minimize 






Figure 4.1: Resistivity at 250 K vs UV exposure time for ZnO NCs with partial ALD Al2O3 infill. 0x, 
15x, and 30x denote 0, 15, and 30 ALD cycles, respectively. 
 Resistivity as a function of UV exposure time at 250 K for 0, 15, and 30 cycles of infill is shown in 
Figure 4.1. For all infill levels, the observed trend is generally the same. There is a rapid decrease in 
resistivity up to ~1 hour, followed by a slower response that does not quite saturate at the longest times 
measured (approximately 1 day). We see multiple orders of magnitude change, even without considering 
the as-received data (not shown), which is too high to reliably measure in some films. Regardless of infill, 
all films approach similar resistivity values with long exposure times, suggesting that the concentration of 
OH is the dominant factor in variations between samples with different levels of infill. The temperature-
dependent resistivity was measured for UV exposure times from 100 ms up to 1 day. Data from a sample 
infilled with 15 cycles of ALD is shown in Figure 4.2a. In order to unambiguously determine the 




 , where the hopping exponential power factor can be determined from 𝛾 = −
𝑑𝑙𝑜𝑔𝑊
𝑑𝑙𝑜𝑔𝑇
. Figure 4.2b 
shows the Zabrodskii plots for the same data. Starting at 230 s of UV exposure time, a transition from a 





are observed in samples with other degrees of infill, however samples with pre-infill annealing at 300 ˚C 
in air followed by partial infills follow Mott VRH at all UV exposure times measured, which we discuss 
below. Figure 4.3 shows the measured values of TM and TES temperatures as a function of UV exposure 
time, where significant differences are observed as a function of both infill and pre-infill annealing at 
300 ̊ C in air. These characteristic temperatures are extracted from the temperature dependence of 










 for ES-VRH. 
 
Figure 4.2: VRH transition in ZnO NC films. (a) Resistivity as a function of temperature for NC films 
infilled with 15 ALD cycles at various UV exposures. A transition from Mott (unfilled) to Efros-
Shklovskii (filled) variable range hopping is observed. Current measurements were performed in the 
dark. (b) Zabrodskii plots for the same data showing the transition from Mott to Efros-Shklovskii 
variable range hopping. Crosses indicate transition region data points not used for fitting either model. 
The solid lines labeled m = -0.25 and m = -0.50 serve as guides for the eye to indicate Mott and Efros-
Shklovskii VRH regimes. 
 FTIR absorption data for 15 cycle infill films both with and without 300 ̊ C pre-infill anneal is shown 
in Figure 4.4. Data was collected immediately after H2O saturation and after UV exposure for a dose 
equivalent to ~2 hours in the cryostat. The data confirms the suggestion that the most significant chemical 
change occurring as a result of UV exposure is a reduction in the OH concentration, although it should be 






Figure 4.3: Mott and Efros-Shklovskii temperatures as a function of UV exposure time for ZnO NC 
films annealed at 300 ˚C (filled symbols) and films that have not been annealed (open symbols).  The 
legend denotes the number of ALD infill cycles. 
 To understand the reasons for differences in conductivity between films with different anneal and 
infill treatments, we need to first examine the parameters measured by TM and TES. The Mott temperature 




 where g0 is the density of states at the Fermi level and ξ is the electron 
localization length which indicates the spatial extent of the electron wave function. The average hopping 
distance is proportional to this localization length, so a larger localization length indicates that the electrons 




, where β is a constant given as 2.8 for 3D hopping.78 Using these definitions, along 









Figure 4.4: FTIR spectra of films infilled with 15 ALD cycles exposed to H2O to saturation , before 
(dashed) and after (solid) UV exposure. Annealed (at 300 ˚C) and unannealed films are shown with the 
spectra for annealed offset by 1.5 units. 
 We can extract the localization length from the Efros-Shklovskii temperature, while the Mott 
temperature gives us the density of states. It is only in measurements that show a crossover from one 
hopping mechanism to the other that we can definitively measure both, although the dielectric constant 
must be known separately. The effective dielectric constant of the mixed-media film consisting of void 
(ki=1) and NCs of ZnO coated with Al2O3 (similar dielectric constants taken as kNC~8) at a solid volume 
fraction (f) from ~40% (no infill) up to ~90% (45x infill) can be calculated using the theory developed by 
Reich and Shklovskii for an array of touching nanocrystals.75 From this, our effective dielectric constant 
is estimated as 3.2, 5.0, 6.2, and 7.5 for no infill, 15 cycles, 30 cycles, and 45 cycles, respectively.  
 Analysis of crossover measurements, such as those observed in Figure 4.2 starting at 230 s of UV 
exposure, shows that the density of states does not change significantly as a function of UV exposure time 
for all films. This indicates that we can assume g0 to be a constant for a given sample, so we can determine 
the density of states for any sample where at least one crossover point is observed. The values of g0 are 





density of states increases with infill except for the initial infill of the annealed sample. This may indicate 
that the Al2O3 passivates trap states at the surface of the NCs or that Al acts as a donor near the surface of 
the ZnO. Both are possible.  
 
Figure 4.5: Density of states as a function of ALD infill cycles for ZnO NC films that were annealed at 
300 ˚C (filled squares) and films that were not annealed (empty circles). 
 
 At this point, the localization length can be calculated for all exposure times, using the already 
determined density of states for times that only show Mott VRH. The data is plotted in Figure 4.6. Most 
films show localization lengths limited to just under the average NC diameter (dNC~10 nm). There is a 
notable exception for the films with no infill treatment. The localization length for these films diverges 
beyond the NC diameter, indicating that the electrons can delocalize across multiple NCs. Similar behavior 
was observed previously for fully infilled NCs61. The localization length calculated here, shown as crosses 
in Figure 4.6, used the measured values of TES and assumed a minimum ES to Mott transition of 300 K. 






Figure 4.6: Electron localization length as a function of UV exposure time for films that were annealed 
at 300 ˚C (filled symbols) and films that were not annealed (open symbols) samples. The legend denotes 
the number of ALD infill cycles. Error bars indicate uncertainty in dielectric constant. The 70x data 
points are from previous work.61 
 These observations show that the removal of OH increases the localization length but does not alter 
the density of states for hopping conduction. A model, similarly applied to highly-doped metal oxide 
nanostructures previously,174–177  that can be used to explain these results suggests that there is a quasi-
neutral core of free electrons in the NC, surrounded by a shell that is depleted of free electrons by OH on 
the surface (Figure 4.7). As OH is removed, the core expands, increasing .  However, the density of states 
at the edge of the core remains roughly constant. In the case of no infill, the NC-NC interface has a 
relatively low defect density, and so the edge of the core approaches the diameter of the NC near these 
adjacent facets. Ultimately, the electron wave functions of adjacent NCs overlap enough to delocalize the 






Figure 4.7: Model of surface and interface depletion in ZnO NC films before and after exposure to UV 
light for different post-deposition treatments. 
 The reason for limited delocalization in infilled films may be related to a higher concentration of traps 
near the NC-NC interface in these films. This interface is of primary importance to conduction as it 
presents the shortest tunneling distance for electrons to move from one NC to another. However, this will 
also be exactly the area that is most prone to defect formation resulting from the aforementioned limitations 
of the infill process. The variable spacing between NCs inevitably creates crevices where a small molecule 
like H2O and trimethyl aluminum decomposition byproducts such as CH3 may easily penetrate while a 
larger molecule like Al(CH3)3 will not. Repeated ALD cycles in these areas are likely to create ZnO 
surfaces that remain OH terminated or have oxygen vacancies. Thus, ALD is likely to increase trap 
densities at these interfaces, even as it reduces trap densities for most of the film. The infill layer may also 
trap species in the spaces between crystal facets, maintaining a highly localized density of defects even as 
UV exposure removes OH from the bulk of the film.  
 Previous work done with fully infilled samples showed large localization length upon UV exposure61 





pulse delivering the energy equivalent to 2400 s of the present work. This high power density leads to 
significant heating of the NCs, enabling sintering (increasing NC-NC contact area) in films without infill, 
while the authors saw no evidence of further sintering when exposures were performed after infilling. 
However, even without any increase in contact area, it is possible that the high-intensity UV exposure is 
capable of removing and/or repairing defects near the interfaces. It is unlikely that this explanation applies 
here since the UV exposure in this work has a power density that is more than 106 lower.    
 We also note a general decrease in both g0 and ξ in films that were annealed at 300 ̊ C prior to infilling. 
This process was previously thought to mimic the intense UV treatment described above, as we measured 
a slight increase in crystal size with more pronounced growth at higher temperatures. However, there are 
apparent differences in conductivity, with the thermally annealed films not showing the increase in 
conductance expected for the larger NC-NC contact area. The likely reason for this is the aforementioned 
spatially localized defects near the interface. Relative to the plasma synthesis or intense UV treatment, a 
300 ̊ C anneal would be expected to grow a lower quality crystal with a higher concentration of defects. It 
is also possible that the growth of Al2O3 on the surface of annealed ZnO is not as effective as it is on 
untreated ZnO, introducing additional trap states instead of passivating the surface. In either case, the effect 
is not large enough to completely prevent delocalization, which should still be assisted by the increase in 
contact area, but does have a measurable effect on the density of states. It is for this reason that no transition 
to ES VRH is observed in annealed films with 15 or 30 cycles of infill. Further evidence for the reduction 
of density of states in annealed films is found in our FTIR data (Figure 4.4), as well. The LSPR feature is 
suppressed in the annealed film relative to the film without anneal, indicating a lower electron 
concentration. 
 It should be noted that, while all the changes in NC structure discussed here (infill, adsorbed chemical 
species, annealing/sintering) are localized to the NC surfaces and would not be expected to affect the quasi-





surface species appears to only affect ξ while leaving g0 unchanged. The quasi-neutral core and depleted 
surface are not, in actuality, absolutely distinct as the depletion is a result of band bending in the outer 
volume of the NC. If the band bending occurs more steeply (due to higher charge density in the outer 
volume), this would allow electrons in high-density states to extend further out to the surface where they 
can easily contribute to the tunneling process. For more gradual band bending, electrons closer to the 
surface would occupy lower-density states, resulting in a lower average hopping density of states. 
Therefore, we suggest that thermal annealing and ALD infill affect the extracted density of states by 
altering the charge density in the outer volume of the NCs, which is directly connected to the slope of the 
band bending. In contrast, the density of states is not dependent on the concentration of adsorbed surface 
species because they do not have any effect on the slope of the band bending, 
4.4 ZnO Admittance Spectroscopy: Applicability and Challenges 
 Thermal admittance spectroscopy (TAS), which has been used on other NC-based films93,140,142,178, 
has not been reported on ZnO NC films. In this measurement, the complex admittance (Y = G + jωC) is 
measured as a function of temperature. The dielectric loss (G/ω) is maximized when ω=1/τ0, where τ0 is 
the time constant of a given charge transport process. In the typical analysis, this often corresponds to an 
emission time from a mid-gap trap state. 
 One detail of our method that had not been explored in previous work is the inclusion of a bottom 
oxide layer for electrostatically controlling the charge carrier concentration. We based this approach on a 
technique called the Conductance Method, which was developed for measuring interface states in MIS 
transistors126. By controlling the carrier concentration with the gate electrode, it may be possible to observe 
transitions in the conduction mechanism, such as changes in hopping behavior107 or allow for the 
measurement of NC surface states2,179. 
 Traditional MIS capacitors exhibit a frequency dependence in inversion due to the inability of the 





frequency dependence is generally related to a combination of interface states and mid-gap states that are 
present in the bulk. Here we see something quite different, the inability of majority carriers to follow the 
applied signal in accumulation. This has to be viewed not as a limitation of carrier creation/annihilation 
but rather transport. The dc measurements indicate that variable-range hopping dominates the 
conductance. In this case, the only relevant time constant is the dielectric relaxation time τ=RC. An 
emission or capture process within a NC is only relevant if it takes place on time scales comparable to or 
slower than the time that it takes for charge to be transported off of the NC. 
 Therefore, although the results discussed here do not directly measure conductance, conductance 
plays a major role in interpreting the results. This interpretation is reflected in our measurements, which 
show an extracted Mott temperature that is in good agreement with that found through dc measurements. 
Figure 4.8 shows linear fits for Mott temperatures for a 15 cycle infill film, as-received. The time constants 
for a range of TAS biases along with the lateral I-V resistivity data were converted into the equivalent RC 
time constant (𝜏 = 𝜌
𝑡𝑁𝐶
𝑡𝑜𝑥
). In all cases the values are in good agreement, demonstrating the equivalence 






Figure 4.8: Comparison of Arrhenius plots for lateral I-V vs vertical TAS , represented by circles and 




, and the error bars reflect uncertainties in these factors. The slope is comparable for all 
cases, demonstrating that the two measurements are equivalent. 𝑽𝑻𝑨𝑺 indicates the applied dc bias for 
the TAS measurement, with the arrow indicating increasing bias. 
 In light of this, we can conclude that TAS measurements in these ZnO films do not extend the 
knowledge gained from simple dc conduction measurements, other than the trivial difference in accessible 
range due to geometry and choice of equipment that has allowed us to collect data from our most resistive 
samples only through TAS. It is still worthwhile to analyze the data obtained from our admittance 
spectroscopy measurements, particularly as it pertains to the NNH regime observed in high-resistivity 
films. The observed spectra and Arrhenius behavior could be interpreted as evidence of mid-gap trap 
states, but we propose that this is not the correct interpretation here. In analyzing any of this data, it is 
important to determine the appropriate temperature dependence, as this will reveal the underlying 
conduction mechanism. As stated earlier, previous work on fully infilled, high conductivity ZnO NC films 
consistently showed ES-VRH, with log 𝜌 ∝ 𝑇−1/2. The partially infilled films shown in Figure 4.8 





observed a transition to NNH or trap-limited response with a direct 𝑇−1 dependence, distinct from the 
lateral I-V response. An example of this is shown in Figure 4.9, which shows data for a film with 20 ALD 
infill cycles. This is an example of the inconsistency inherent to measuring nominally as-received films, 
especially when one attempts to compare measurements performed laterally to those performed vertically. 
In this case, the volume of film active in the vertical measurement is entirely underneath the Al top contact, 
blocking any ambient light while also altering the relevant diffusion geometry for gaseous species. As a 
result, the surface chemistry of these NCs can easily be significantly or even drastically different from that 
of the NCs involved in the lateral measurement. Therefore, entirely different conduction mechanisms can 
be observed, a difference that can be difficult or impossible to precisely control. 
 
Figure 4.9: Arrhenius plots for lateral IV vs vertical TAS at a range of biases , represented by circles 
and squares, respectively. The TAS data is linear with 1/T instead of 1/T1/4, indicating NNH conduction. 





 In summary, our work supports the model that delocalization across the NC-NC contact facet plays a 
key role in conduction in ZnO NC films proposed by Greenberg,60 even without infill or sintering. In this 
model, infilling with Al2O3 increases the density of states by passivating defects on the NC surface and/or 





low quality, creating a high density of defects localized near this region. The origin of these defects remains 
unknown. It is possible that it is simply a high concentration of OH or decomposition byproducts that are 
more tightly bound and so are difficult to remove with UV exposure. The infill itself would also serve to 
seal in these volumes, such that desorbed OH would diffuse out much more slowly. The use of UV to 
controllably remove adsorbed OH appears to be a very effective technique for detailed study of 
semiconducting NC films. 
4.6 Future Work 
 There are several questions from this work that remain unsolved. The first is what exactly is the 
difference in the NC films treated with high-intensity UV light and those treated with low-intensity UV 
light, particularly as it pertains to infilled films. We attribute the small electron localization lengths 
observed in partially infilled films treated with low-intensity UV light to defects localized to the NC contact 
facets and infer that these defects are repaired or removed with high-intensity UV exposure. What would 
happen if these films were removed from the cryostat and exposed to high intensity UV light, followed by 
H2O saturation? Would the localization length now follow a similar trend to that of untreated films? Can 
we analyze the contact facet in more detail between these scenarios? TEM measurements might be useful 
for this, as well as comparing UV sintered vs thermally annealed NC contacts, although the area of interest 
might be difficult to resolve and compare. Previous attempts to analyze this interface to quantify the 
expansion of contact facet size upon sintering were inconclusive. Maybe a more detailed FTIR study can 
shed insight into chemical bonding differences. Additionally, given the dramatic change in localization 
length behavior between no infill and 15 cycles of infill, it would be interesting to test smaller numbers of 
infill cycles to see if a transition can be observed or if this change happens with any number of infill cycles. 
In line with this thought, what effect do other infill materials, such as HfO2, TiO2, or even PEALD TiN, 
have on these measurements. Is the ALD material simply acting as a barrier to hydroxyl adsorption, or 






5 Defects and Transport in Ge NC Films 
5.1 Introduction 
 Group IV materials have a long history of extensive use in semiconductor electronics, but elemental 
Si and Ge NC development lags significantly behind that of other materials, such as metals (Au, Ag, etc.), 
metal oxides (ZnO, TiO2, etc.), and metal chalcogenides (PbSe, PbS, CdSe, CdS, etc.). This is despite the 
fact that Si and Ge are abundant and nontoxic materials that are already well established in device 
manufacturing. The main difficulty has been the high crystallization temperature for Si and Ge,15 which 
makes them difficult to synthesize through common solution-based processes. The use of RF plasma 
reactors has enabled us to synthesize these materials with high quality54,56 and to study them in a variety 
of devices.2,6,38,179–182 
 This work was motivated by an earlier study from Professor Kortshagen’s group led by Zachary 
Holman.2 They reported the use of Ge and Si NCs synthesized using plasma reactors in FETs, with the 
Ge NC devices showing particularly good performance. Hole mobilities as high as 0.02 cm2 V-1 s-1 were 
reported, with on/off ratios >103. Data from this work is shown in Figure 5.1. 
 
Figure 5.1: Transfer and characteristic curves for Ge NC FETs deposited from solution and annealed 
at 400 o C (a,b) and 600 o C (c,d). Transfer curves show fit (black line) used to extract the mobility (right). 
Marker shapes indicate different annealing methods, with triangles corresponding to the RTA system 





 As can be seen, there is a change in the conductivity from n-type to p-type as the annealing 
temperature is increased. The proposed model for these changes was a combination of: i) removal of 
surface bound H and Cl species at lower temperatures (up to ~400 ˚C) ii) surface oxidation and iii) NC 
grain growth at higher temperatures (beginning at 400 ˚C or 500 ˚C, depending on the method of 
annealing). Unlike the well-known passivating nature of H in Si,183 the energetic position of H in Ge is 
such that the bond acquires a negative charge.184,185 Cl is similarly electronegative in Ge,186 and Ge 
dangling bonds (such as would be expected at the untreated NC surface) are generally located below 
mid-gap, close to or below the top of the valence band.185,187,188 This is used to explain the increasing 
electron conduction as H and Cl are removed with heating. In addition, O and OH have been observed to 
act as donors at Ge surfaces,189–191 providing explanation for the improved performance of Ge FETs 
annealed in the RTA, which required the highest exposure to air during processing. The p-type behavior 
and increased conductivity observed at higher annealing temperatures is most likely associated with 
“bulk” effects as the NC grains begin to grow and the surfaces become less important and could be related 
to the diffusion of surface species into the core of the NCs. 
 The initial work on Ge NC FETs demonstrated the feasibility of these devices along with a basic 
theory of their operation, but a deeper understanding of the role of defect states was left unexplored. 
Without this knowledge, it will not be possible to significantly advance these materials for use in practical 
devices. The unmeasurably low as-deposited conductivity, along with the significant hysteresis and 
strongly shifted threshold voltage observed in Figure 5.1a, suggest a high density of defects. Thermal 
annealing appears to remove these defects or otherwise lessen their impact on device performance, but 






5.2 Experimental Methods 
 Films of Ge NCs were synthesized using the processes described in Section 1.2 and deposited via 
inertial impaction. Briefly, gas flow rates of 25 sccm Ar and 20 sccm H2 were injected prior to the synthesis 
plasma, with an additional 10 sccm Ar injected downstream. This allows one to switch to core/shell NC 
growth without changing the physical setup of the system. The reactor pressure with these flow rates was 
~1.75 torr, at which point GeCl4 was introduced at the upstream injection point to increase the pressure by 
30 mTorr. The RF plasma power source was 50 W at 13.56 MHz. These conditions produced Ge NC 
with a mean diameter of ~6 nm. Film thicknesses ranged from 100-300 nm, depending on the deposition 
times and substrate sweep rate. Film densities were not directly measured, but the work of Hollman from 
his development of this synthesis and deposition procedure provides an estimate of ~40% solid volume 
fraction.192 
 For thermal admittance spectroscopy (TAS) measurements, Ge NCs were deposited onto substrates 
with pre-patterned electrodes for a vertical measurement geometry. Unless otherwise noted, these bottom 
electrodes consisted of 15 nm Ti/60 nm Au deposited by sputtering on an oxidized Si wafer. However, 
some devices were made using indium tin oxide (ITO) on a glass substrate. Insulated bottom electrodes 
were used for electrostatic control of the surface potential in the Ge NC films. The insulator for TAS 
devices was 11 nm of Al2O3 grown using an UltraTech/Cambridge Nano Tech, Inc. Fiji 200 Gen 2 
plasma-enhance atomic layer deposition (PEALD) system at 250 ˚C and annealed in a Modular Process 
Technology Corp. RTP-600S rapid thermal annealing (RTA) system using forming gas (95% N2/5% H2) 
for 5 minutes at 420 ̊ C. The measured capacitance of these films was ~700 nF/cm2 ( 𝑟 ≅ 8.7) with a 
leakage current <1 nA/cm2 at 1 V. For field-effect transistor (FET) devices, the substrates were processed 
similarly, but the Al2O3 thickness was increased to 55 nm (~140 nF/cm
2) for increased reliability and to 





 Post-deposition NC treatments were used to modify the conductivity of the films, namely thermal 
annealing and ALD infilling with Al2O3. Thermal annealing was performed in the same RTA system, as 
per earlier work with Ge NCs,2 consisting of a 10 minute anneal in N2 (10 slm) at atmospheric pressure 
with a 3 minute purge before heating to temperatures ranging from 300 ̊ C to 500 ̊ C. ALD infilling 
followed the procedure developed for passivating ZnO NC films, discussed earlier,3 using 
trimethylaluminum (TMA) and H2O as precursors and lengthened pulse/purge times (0.1 s and 30 s, 
respectively) to allow for full diffusion into and out of the porous films. 
 Finally, top contacts were deposited through a steel shadow mask. An important detail to note for 
these devices is that, due to the need for low oxide leakage, the shadow mask was designed so that physical 
contact between the sample and the mask did not coincide with the area of metal deposition. The relatively 
poor mechanical strength of the NC films combined with thin insulating films allowed micro-scratches to 
develop as a result of contact between the mask and the sample. If metal were then deposited onto these 
scratches, the leakage was found to increase dramatically, even resulting in complete shorting. This is a 
point that should be considered in any future work. In FET samples, the same mask was used with a 
250 μm or 500 μm diameter wire used to mask the channel. 
 The top contact material was either Al (300 nm) or Au (120 nm), as noted in the results 
and discussion, below. Al was deposited using a thermal evaporation system contained within 
a N2 glovebox, allowing for air-free processing. However, this was generally impossible to 
achieve in this work due to the fact that the RTA, ALD, and measurement systems all required 
some exposure to air for loading/unloading. Au was deposited using an AJA International ATC 
2200 sputtering system with a DC plasma. For all FET devices, the contacts were annealed at 
400 ᵒC or 300 ᵒC for Al and Au, respectively. This anneal was performed in the same RTA 





neglected because we weren’t sure about the effect this would have on vertical measurements 
with such thin films. 
 All electrical measurements were performed in a cryogenic vacuum test station, consisting 
of a copper sample stage with an embedded resistive heater and RTD sensor mounted to a cold 
head. The cold head was cooled by a helium compressor refrigerator and was capable of 
reaching temperatures of ~20 K, while the sample stage could be cooled to ~30 K. The 
temperature was regulated by PID-controlled operation of the resistive heater. 
5.3 Results and Discussion 
 Room temperature lateral I-V measurements of ~100 nm thick untreated Ge NC films showed 
resistivity values of about 107 𝛺 𝑐𝑚, while vertical C-V indicated the films were fully depleted with no 
bias dependence. Infilling with 70 cycles of ALD Al2O3, which has been shown to fill the pores of similar 
NC films to ~100% solid fraction,53 gives rise to an immediate order of magnitude improvement in 
conductivity, with a measured room temperature resistivity of 4.7 × 105 𝛺  𝑐𝑚. Measurable C-V for 
these films made possible the use of TAS measurements to investigate the defect state distribution. The 
samples for this measurement consisted of ITO/glass substrates and Al top contacts. After cooling the 
sample to the chosen starting temperature (generally -120 ˚C was sufficiently cold as to remove any 
frequency response), the sample temperature was increased incrementally, with time for stabilization at 
each measurement point, up to 150 ̊ C. This was followed by an extended bake (>1 hour) at this 
temperature and cooldown measurements to reverse the heating steps. Each measurement consisted of a 
frequency scan of the complex admittance 𝑌(𝜔, 𝑇) = 𝐺(𝜔, 𝑇) + 𝑖𝜔𝐶(𝜔, 𝑇) at zero DC bias. The 
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lines, diamonds) and after (dashed lines, circles) baking at 150 ˚C is shown in the left side of Figure 5.2. 
The extracted activation energy increases from an initial value of 410 meV to a post-bake value of 510 
meV and coincides with a decrease in conductivity of ~40% and a decrease in the low-frequency 
capacitance of ~25%. The right side of Figure 5.2 shows the same data for a Ge NC film annealed at 
500 ̊ C before being infilled with ALD. The as-received conductivity of this film is much higher than that 
of the unannealed film, with a measured room temperature resistivity of 1.2 × 103 𝛺 𝑐𝑚, with a similar 
~40% decrease in conductivity after baking at 150 ̊ C. However, the frequency response does not follow 
the same trend. In this film, two distinct features are observed in the capacitance spectra: i) a larger time 
constant response with an activation energy of 300 meV and ii) a smaller time constant response with a 
larger activation energy of 350 meV that decreases to 310 meV after baking. It is interesting that the 
response with the larger activation energy has a time constant ~2 orders of magnitude lower than the 
smaller activation energy response, which can be explained by a dramatically different y-intercept in the 
Arrhenius plots, also known as the attempt frequency. The attempt frequency characterizes the strength of 
the interaction across the energy barrier. Such a large difference in attempt frequency would be a signal 
that these responses arise from very different sources. 
 Unlike the unannealed sample, the activation energy change in the sample annealed at 500 ̊ C does 
not seem to track the change in conductivity. In both cases, the conductivity decreases after baking, but 
the activation energy in the annealed sample decreases, which is the opposite of what one would expect. 
It should be noted, however, that the changes in conductivity observed with baking would require only a 
10-15 meV shift of the Fermi level away from the band edge, assuming 𝜎 ∝ 𝑒𝑥𝑝 (−
𝐸𝐹
𝑘𝐵𝑇
) . One 
explanation for this data could be that the lower energy response in the annealed sample (filled symbols in 
Figure 5.2) is due to mid-gap states in the NCs themselves, while the larger energy response (open 





pinning of contacts such that the barrier height is independent of metal work function.193 As a result, it may 
not be surprising that the ITO/Ge/Al structure may include two Schottky junctions. 
 In order to connect our analysis to the performance of Ge NC FETs, new FET devices were fabricated, 
as detailed above. The long channel (250-500 μm) was intended to minimize the effect of contact 
resistance so that we could more specifically measure the charge transport of the NC films themselves. 
Transfer curves (channel sheet conductance as a function of gate bias) at drain voltages of ±1 V are shown 
in Figure 5.3 for Ge NC films annealed at 500 ̊ C. The first feature to note is the relatively large and variable 
hysteresis in all measurements. Reducing the gate bias sweep rates to 1 V/s produced only a small 
reduction in hysteresis. This is generally indicative of large trap concentrations, which would not be 
particularly surprising. In line with this, the device that was fully passivated with ALD Al2O3 (solid black 
lines) shows the smallest amount of hysteresis and the largest conductance, in general. 
 The blue and gold dashed lines correspond to films without ALD infill with Al and Au contacts, 
respectively. The reported ambipolar behavior reported in earlier work is not observed in these devices, 
which are nominally the same, although some device parameters and processing steps differ. Specifically, 
the previous work used spin coating for NC deposition instead of impaction from the gas phase. The NCs 
were not functionalized for solution processing, but the solvent itself may have some unintended effects. 
The reasonable minimum thickness of the impacted films is larger than that for spin coated films. The 
former is estimated as 100 nm with thickness variations of up to 5-10 monolayers (30-60 nm) while spin 
coating was used to deposit thinner, smoother films of ~30 nm with 10 nm roughness. Finally, the gate 
metal and insulator was changed for the present work. The original Ge NC FETs were deposited on 
heavily doped Si wafers with 300 nm SiO2 as a gate insulator, while the current devices are deposited on 







Figure 5.2: TAS data for Ge NC film infilled with 70 cycles of ALD Al2O3 before (solid lines, diamonds) 
and after (dashed lines, circles) baking in vacuum at 150 oC. 





 Despite these difference, the measured electron mobilities are quite similar. For an annealing 
temperature of 500 ̊ C (see Figure 5.1), electron and hole mobilities of about 2 × 10−3 𝑐𝑚2 𝑉−1 𝑠−1 
were reported (the contact material was not specified, except to indicate that either Al or Au were used 
throughout the experiment).  In the current work, the mobility was extracted from the slope of the transfer 















. Using the 
data in Figure 5.3, the electron mobility for as-received devices is measured as 8 × 10−3 and 
5.1 × 10−3 𝑐𝑚2 𝑉−1 𝑠−1 for Al and Au contacts, respectively. The former is comparable to the highest 
mobility measured in the previous work, recorded for an annealing temperature of 400 ̊ C. In both cases, 
after baking at 130 ̊ C for 1 hour, the mobility decreases. For Al contacts the decrease is less severe, 
dropping to 2.6 × 10−3 𝑐𝑚2 𝑉−1 𝑠−1, approximately a 67% reduction. For Au contacts, on the other 
hand, the mobility drops by over an order of magnitude to 2.7 × 10−4 𝑐𝑚2 𝑉−1 𝑠−1. The reason for 
this difference is not immediately obvious, however it is worthwhile to observe that unlike Al, Au diffusion 
in Ge is controlled by interstitial processes with extremely low activation energies194,195 and it is known to 
produce deep states. Thus, the annealing Au contacts may lead to a degradation of the contact by an 
increase in mid-gap traps that localize charge and increasing the relative negative effect of in situ baking 
on device conductance. Given the potential effects on the contact, it is possible that the chosen channel 
length was insufficient to ignore the contact voltage drop and so measure the true carrier mobility. We 
would also expect, in general that Au would not make ohmic contact to n-type Ge given the large offset 
between the work function of Au (5.1 eV) and the conduction band of bulk Ge (4.0 eV). This difference 







Figure 5.3: I-V measurements for Ge NC FETs deposited from the gas phase. (Top) Transfer curves 
for Ge NC FETs. All films were annealed at 500 ᵒC after deposition. Left plot shows measurements 
after pumping down overnight, while the right plot is after a subsequent bake at 130 ᵒC for 1 hour in 





 The most interesting behavior is observed when the Ge NC film is infilled with ALD Al2O3 (solid 
lines in Figure 5.3). Infill could be performed either before or after contact deposition, with a slow etch in 
dilute 500:1 buffered oxide etch (BOE) to remove the ~7 nm of surface oxide on top of the NC film in the 
former case. This step was also included for devices with infill after contacts and had no measurable effect. 
If the infill is performed after contact deposition (solid blue and gold lines), a slight decrease in the 
conductivity is seen. In the case of Al contacts, this is at least partially explained by oxidation of the 
metal/NC interface during the high temperature, high humidity ALD process. However, the same trend 
(if less severe) is observed for Au contacts, which would not suffer from the same limitation. In the case 
of infilling before contact deposition (black lines in Figure 5.3), an entirely different behavior is observed. 
In such a device, only p-type conduction is observed, which was true even for films annealed at 
temperatures as low as 300 ̊ C, far from the transition to p-type conduction seen in Figure 5.1, albeit with 
significantly reduced mobility at lower annealing temperatures. The mobility for films annealed at 500 ̊ C 
was 4.7 × 10−3 𝑐𝑚2 𝑉−1 𝑠−1 before baking and increased very slightly to 5.0 × 10−3 𝑐𝑚2 𝑉−1 𝑠−1 
after baking at 130 ̊ C for 1 hour. 
 The channel material in all the devices corresponding to solid lines in Figure 5.3 is identical. However, 
the contacts are not, due to the fact that the ALD infill is unlikely to penetrate more than ~1 μm underneath 
the contacts due to geometrical factors. With a bottom gated thin film transistor, the contact essentially 
consists of the series combination of the metal/NC contact, the conduction vertically through the film, and 
the interface between the upper NC layers and the gated channel made up of the bottom most layer of 
NCs. TAS measurements using FET devices, either specially made without a channel or with the source 
and drain tied together, present a method for probing just such behavior. 
 Results from TAS measurements with Ge NC FET devices are shown in Figure 5.4. Figure 5.4a 
shows the change in resonant frequency 𝜔0 = 1/𝜏0 relative to the frequency 𝜔𝑒 at the maximum positive 





with Au contacts, 300 K for all others). This matches with the FET measurements that showed n-type 
conduction in films without infill and p-type conduction in films with infill. Figure 5.4b shows the 
measured activation energies, 𝑙𝑛𝜏0 ∝
𝐸𝑎
𝑘𝐵𝑇
, as a function of bias. The observed trends are the same, 
although it is worth noting that the magnitude of energy shift with bias are not the same between the two 
plots, indicating that the attempt frequency is not constant with bias, as was implicitly assumed in Figure 
5.4a. 
 
Figure 5.4: TAS measurements for Ge NC FETs. a) TAS time constant shift vs gate bias. All samples 
were baked in-situ for 1 hour at >100 ᵒC. The data shown for gold contacts (gold diamonds) was 
collected at 250 K to observe the resonant response within the measurement window (40-106 Hz) at all 
biases. All other data was collected at room temperature. b) Activation energy vs gate bias for the same 




 The activation energies measured for Ge NCs annealed at 500 ˚C before infilling change only on the 
order of 10% across the range of biases used in this measurement. This is not large enough to reasonably 
explain the large difference in electron and hole currents in this device. However, the TAS devices did not 
include a final contact anneal due to initial concerns that this step might irreversibly alter the NCs below 
the contacts, which we wanted to avoid. Figure 5.5 shows measured C-V characteristics for TAS devices 
with Al and Au contacts (left and right plots, respectively). The measured capacitance values for Al 





explained by a large series impedance as a result of poor contact between Al and the Ge NC film, while 
the capacitance of the device with Au contacts approaches the Al2O3 capacitance ( 𝑟 ≅ 8.5 𝑡𝑜 9.0) at 
both bias extrema. After annealing the Al contacts at 400 ̊ C, the capacitance increases to match the device 
with Au contacts.  Further confirmation of the improvement in Al ohmic contact after annealing is seen in 
the corresponding capacitance spectra shown in Figure 5.6. On the left, a distinct resonance is observed at 
T=203 K for positive gate biases, with an activation energy of ~330 meV that corresponds very closely to 
the values measured before annealing (Figure 5.4b), while no resonance is observed for negative gate 
biases. On the right, the resonance for positive biases has frozen out at T=102 K while the capacitance at 
positive biases is still close to 𝐶𝑜𝑥, showing no signs of thermal activation. The capacitance at zero applied 
bias is interesting because it shows a fairly constant slope at all frequencies, indicating the interface states 
have a wide spectrum of energies. 
 
Figure 5.5: C-V measurements for Ge NC FETs.  
 In all cases the measured depletion width ranges from < 𝑑𝑁𝐶 to ~2𝑑𝑁𝐶, depending on the assumed 
value of dielectric constant ranging between 𝑁𝐶 = 𝐺𝑒 = 16 and 𝑁𝐶 = 2 obtained from conservative 
estimates of the Maxwell-Garnett effective medium approximation (see Equation 2.5). As a result of this 





This approximation is physically reasonable due to the high density of states in the quantized orbitals of 
the NCs and the high concentration of surface states that would be expected in such a device, which is also 
supported by the large hysteresis in the C-V and I-V measurements, although this is reduced in devices 
that have been passivated with ALD infill. 
 
Figure 5.6: Capacitance spectra for Ge NC FET with Al contacts annealed at 400 ᵒC at 203 K (left) and 
102 K (right). No activation (frequency response) is observed for holes, while the electron response has 
a similar activation energy as before contact annealing 
 With this understanding, we can now look back at the data in Figure 5.4 for further understanding. 
The decreasing energy with gate bias, either towards the valence band or conduction band depending on 
sample preparation, represents a lowering of the charge injection barrier to the surface layer, as discussed. 
With proper contact preparation, such as annealing of Al contacts, this barrier can drop low enough to 
effective provide an ohmic contact. However, the activation energy in the FET off state remains. This 
activation energy is correlated with the activation energy for surface trap emission in the NC surface layer 
as shown in Figure 5.7. The larger energies associated with lower annealing temperatures are indicative 
of a large bandgap and a surface potential that is highly pinned near mid-gap by high concentrations of 
surface states. As the annealing temperature is increased, the bandgap decreases slightly due to grain 





are reduced such that the Fermi-level is less closely pinned to mid-gap and can be moved further towards 
the band edge. 
 
Figure 5.7: Surface trap energy for Ge NC FETs without infill (open symbols) and with infill (filled) 
for annealing temperatures of 300, 400, and 500 ᵒC. 
 The mobility of devices with annealed Al contacts, both with and without infill, are observed to follow 









 under the assumption that all conduction, independent 
of gate bias/carrier concentration, proceeds via nearest-neighbor hopping (NNH). This would be expected 
under the condition of low carrier concentrations and/or weak coupling between NCs. Ignoring the 
obvious hysteresis in our measurements and using only the data collected sweeping towards greater carrier 
concentration (i.e. increasing |𝑉𝑔 − 𝑉𝑡ℎ|), we find a linear relationship between current and gate bias, as 
shown in Figure 5.8. This measured mobility is observed to follow an Arrhenius dependence as 
𝑙𝑛𝜇 ∝  −
1
𝑇
, indicating NNH is the dominant charge transport mechanism with an activation energy of 
100 meV for holes in infilled NCs and increasing to 175 meV for electrons in uncoated NCs. A common 
model for this NNH energy is the coulomb charging energy of the NCs within the dielectric medium of 
the film, given in Equation 2.4 as 𝐸𝑐 = 𝑒
2/4𝜋 0 𝑒𝑓𝑓𝑑𝑁𝐶. For a 6 nm diameter NC, the effective 





would be somewhat surprising for the infilled NC film, as this value corresponds more closely to the 
Maxwell-Garnett approximation for Ge NCs in a void (no infill).  
 This might suggest that the infill is largely incomplete at the NC/gate insulator interface, leading to a 
smaller dielectric constant and larger charging energy. Of course, this energy alone is not strong evidence 
for this model, so further work is needed. However, the hysteresis observed in the infilled device, while 
significantly reduced from the devices with no infill, is still indicative of a large trap state concentration. A 
porous or low-quality of infill in the channel layer would result in a high density of interface states, so this 
seems like a plausible explanation. It is also suggested78 that, in the presence of strong Fermi pinning due 
to a high concentration of mid-gap states, the activation energy would be 𝐸𝑎 = 2𝐸𝑐. In this scenario the 
necessary dielectric constant would be 𝑒𝑓𝑓 = 4.8, which is an improvement, but still suggests an infill 
density well below 100% solid fraction at the interface. An inverted device structure, with the gate on top 
of the NC film, may be one way to investigate this, as the infill in the channel layer (top layer) would be 
certainly of higher quality, although other characteristics, particularly surface roughness, may limit any 
gains. 
 There are also other potential sources of energetic barriers to be consider. One likely example is the 
disorder energy, describing the variation in NC bandgap energy due to size distribution. Bulk Ge has a 
bandgap of 0.67 eV. The first quantized level has a 1/𝑟2 dependence. Absorption measurements for Ge 
NCs with a diameter of 6 nm show a weak feature due to the indirect transition at approximately 
1.1-1.2 eV, an increase of approximately 0.3-0.4 eV due to confinement. Assuming a 10% standard 
deviation in NC diameter, we can estimate the variation in band position to be on the order of 100 meV, 
which would be a significant contribution to the measured transport behavior and help explain some or all 
of the discrepancy between the activation energy and the charging energy often used to model it. It is likely 
that the larger activation energies are related to the higher concentration of traps in unpassivated NCs, but 






Figure 5.8: Measurements of Ge NC FET annealed at 500 ᵒC, infilled with ALD Al2O3, and Al contacts 
annealed at 400 ᵒC. (Left) Transfer curves with linear fits for mobility (black lines). (Right) Arrhenius 
plots of mobility as a function of temperature with measured activation energies (black). Threshold 






 Briefly, it is worth discussing an alternative way to analyze FET data that could produce interesting 
results, but does not seem to be relevant in the current work. We could choose to analyze each gate bias 
independently as a function of temperature. As long as the drain bias is kept low enough that the device is 





 = 𝐺𝑠ℎ(𝑉𝑔) =
1
𝑅𝑠ℎ(𝑉𝑔)
 and use these sheet resistance 
values to analyze the temperature-dependent conduction as a function of gate bias. This is shown in Figure 
5.9 for the same device shown earlier with Al contacts and full Al2O3 infill at gate biases ranging from +20 
V to -20 V.  At positive or zero bias, activated conduction is observed with 𝑙𝑛 𝑅𝑠ℎ ∝
1
𝑇
  and activation 
energies in the range of 250-300 meV, similar to TAS energies in this bias regime. As the gate bias 
becomes increasingly negative, the temperature dependence no longer follows the T-1 activation/NNH 
model, but instead changes to T-0.46 at -10 V and T-0.21 at -20 V. This could be taken as evidence of Efros-
Shklovskii and Mott variable range hopping, respectively. However, both models assume a constant 
density of states at the Fermi level, with no change as a function of temperature. The measured threshold 
voltage shown in Figure 5.8 show a very strong dependence on temperature. By definition, 𝑄′ = ∫ 𝐶′𝑑𝑉𝑔 
and the measured capacitance (Figure 5.5) is, to within a factor of ~10%, constant with voltage, allowing 
us to approximate 𝛥𝑄′ = 𝐶𝑜𝑥
′ 𝛥𝑉𝑔. The threshold voltage is defined as the gate voltage at which current 
goes to zero, implying that the free charge carrier density goes to zero, 𝑄𝑓𝑟𝑒𝑒
′ (𝑉𝑔 = 𝑉𝑡ℎ) = 0. From this 
we can define the charge density as a function of gate bias as 
  𝑄𝑓𝑟𝑒𝑒
′ (𝑉𝑔) = 𝐶𝑜𝑥
′ [𝑉𝑔 − 𝑉𝑡ℎ] − 𝛥𝑄𝑡𝑟𝑎𝑝
′  (5.2) 
 The only way for this free carrier density to be constant with changing threshold voltage is for the 
corresponding trap filling 𝛥𝑄𝑡𝑟𝑎𝑝
′  to change by an equal amount. Of course, it is also possible that the 
assumption implied in this analysis of a constant mobility is incorrect. Specifically, if the temperature 
dependence of the mobility is not constant with gate bias, the current 𝐼𝑑(𝑉𝑔 = 𝑉𝑡ℎ) could drop to zero, 





meaning that carriers at a given energy cannot universally be described as “free” or “trapped”, but that this 
definition has a temperature dependence. 
 
Figure 5.9: Arrhenius plots of sheet resistance in a Ge NC FET infilled with ALD Al2O3 showing an 
apparent transition from NNH to M-VRH. Further analysis shows that this is most likely not real but 
an artifact of the analysis assumptions. 
 This model is not consistent, however, with our previous analysis of the temperature dependence of 
the mobility extracted from the slope of the transfer curves. That analysis will almost certainly lead to an 
underestimate of the true mobility by assuming that 𝛥𝑄𝑡𝑟𝑎𝑝
′ = 0 and 𝑄′ = 𝑄𝑓𝑟𝑒𝑒
′ , implying an effective 
mobility that can be stated as 𝜇𝑒𝑓𝑓 ≡ 𝜇
𝜏
𝜏+𝜏𝑡𝑟
 with 𝜏 and 𝜏𝑡𝑟 the time constants for conduction and 




 does not have a strong temperature 
dependence, this analysis remains valid. We have found good linear fits to the data over the bias range 
from 𝑉𝑔 =  − 15 𝑉 𝑡𝑜 − 20 𝑉 with an Arrhenius dependence over the full range of temperatures, 
implying that our measurements are consistent with this model. In this case, the apparent observation of 
VRH at negative gate biases is simply an artifact of increasing carrier concentration at high temperatures. 
This is demonstrated in Figure 5.10, which shows the same sheet resistance data (over a wider temperature 
range) from Figure 5.9 along with calculated sheet resistances using the mobility values from Figure 5.8 





The data for Vg = -20 V approaches the calculated line at low temperatures, while the lower biases deviate 
towards infinite resistance as the current levels approach zero at low temperatures. All measured values 
converge at high temperatures as the relative differences in threshold voltage offset converge.  
 
Figure 5.10: Ge NC FET sheet resistance vs temperature at gate biases of -10 V to -20 V (markers) 
along with the sheet resistances calculated using the mobility values in Figure 5.8 at different assume 
values of Vth. The sheet resistance at Vg = -20 V approaches the calculated value for Vg-Vth = 10 V at 
low temperatures. 
5.4 Conclusion 
 In summary, we have demonstrated the ability to change the majority carrier type in Ge NC films 
from n-type to p-type by infilling with ALD Al2O3. This process changes polarity of conduction in FET 
devices fabricated using Ge NC films annealed at 500 ᵒC, with the polarity determined by the majority 
carrier type of the film underneath the contacts and not by the channel material itself. This suggests that 
the with ALD infilling, the Ge NC channel can be gated into electron or hole accumulation, consistent 
with earlier work reporting ambipolar conduction in Ge NC FETs annealed at 500 ᵒC, although without 
ALD infilling. In our measurements, ambipolar conduction is not observed, however. We attribute this 
limitation to barriers to minority charge injection from the upper NC layers to the bottom channel layer, 
as the work function of the metal contact does not make a significant difference to the conductivity. 





resulting in a channel that is doped p-type and an p-n junction forming between the NC layers underneath 
the source/drain contacts where the infill does not penetrate. If the infill is performed before contact 
deposition, then these contacts become p-type, and hole conduction is observed with a barrier now forming 
for electron injection. These FET observations are supported by our TAS measurements which show large 
barriers for minority carrier injection on the order of 10-20 𝑘𝐵𝑇. 
5.5 Future Work 
 This work is still in the early stages and is intended as a starting point for future students to continue. 
We have learned a great deal about the need to account for the contacts in Ge NC FETs, even for large 
channel lengths. By understanding this key aspect of the device design, future students will hopefully be 
better equipped to use FET devices to investigate the fundamental charge transport phenomena in NC 
films. There are several experiments that are of immediate interest that should have great potential for 
immediate results to drive further research. The purpose of this section is to provide a summary of these 
ideas and details to help guide future work.  
Four-contact FET 
 If the main goal is to remove the effect of contacts, rather than trying to understand more about the 
origin of our observations, then the most obvious and effective solution is to pattern a device with four 
contacts, two source contacts and two drain contacts. In this setup, the effects of contact resistance can be 
removed entirely by performing a four-point measurement (technically five-point with the gate) where 
one pair of source/drain contacts are used for driving current and the other pair used for sensing voltage. 
This may not be desirable from an ease of processing and measurement standpoint, but it should guarantee 
accurate measurement of the channel resistance. If pre-patterned electrodes (see below) are being used 





the measurement setup. Ultimately, however, learning more about where these contacts effects originate 
may be of as much or greater interest. 
Pre-patterned Electrodes 
 While the device structure of a Au gate with ALD Al2O3 as a gate insulator was chosen for this work 
for the original purpose of minimizing oxide impedance for TAS measurements and has its advantages, a 
more typical NC FET device design consisting of a p+ or n+ Si wafer acting as a gate with 100-300 nm 
of thermal oxide as a gate insulator would probably be more effective and simpler to use and adapt for 
future work. Gate leakage was more of a concern than it needed to be with the current design, so having a 
thick SiO2 gate dielectric would virtually eliminate these issues and allow the work to focus on the NC 
film properties themselves more easily. 
 In addition, using pre-patterned Au electrodes would be a good way to eliminate some of 
the film thickness and contact concerns that were reported here. This would allow for direct 
contact between the source/drain contacts and the surface layer itself, although it’s certainly 
possible that this would then present its own difficulties. However, it would benefit from less 
uncertainty in the current pathway and fewer junctions to be concerned with. 
 Of course, Au electrodes would prevent annealing the NCs at temperatures beyond ~350 
˚C due to the Ge/Au eutectic point near this temperature. However, focusing on using ALD 
infill or other surface passivation, along with optimizing the film morphology to achieve high 
uniformity and density may mitigate the need for annealing to achieve reasonable conductivity. 
Ultimately, the NC films without annealing or with lower temperature annealing may be more 






Top Gate FET 
 Another interesting path that was attempted briefly, albeit crudely, without success but deserves 
further consideration is the development of a top gate FET. One of the main potential advantages of this 
device structure is that the active layer should be easily passivated by the ALD infilling process as 
compared to the bottom layer in a bottom gate FET. As a result, there may be far less hysteresis in the 
electrical measurements. Also, similar to the pre-patterned contacts discussed above, this would allow for 
direct contact between the metal and the channel layer, hopefully leading to higher conductivity and less 
difficulty. 
 This structure would consist of a NC film deposited onto any insulating substrate of convenience 
(oxidized wafer or polished glass would both work well). This deposition would be followed by ALD 
infilling, which is a potential drawback of this design, given that the NC film cannot be kept air-free and 
must be exposed to ALD to grow the gate insulator. However, in light of the conductivity and stability 
improvements observed with infilling, this is probably a beneficial processing step regardless, although its 
implications for oxidation and other surface chemical changes must be understood and accounted for. 
 After infilling, the thin layer of oxide that has formed on top of the NC film must be removed, as 
reported above. A dry etch would be very well suited to this, but in this work, a 500:1 solution of H2O:BOE 
was used that yielded an etch rate of ~3 nm/min for Al2O3. A 2 minute etch was performed after ALD 
infilling with no discernible damage to the NC film. For a top gate device, the performance of which would 
depend greatly on film roughness, this step might have the additional benefit of smoothing the surface by 
lifting off and removing isolated NCs that protrude from the bulk of the film, reducing the overall 
roughness. 
 Related to that note, optimizing the deposition procedure, whether through controlled impaction or 
solution processing and spin coating, will be crucial for a high-performance device. Particularly for 
deposition from the gas-phase via impaction, surface thickness and roughness variations are common and 





will be worth taking the time to understand and properly characterize this through SEM and AFM 
measurements before proceeding too far. 
 Finally, the gate insulator can be group with a second ALD step to any desired thickness, followed by 
gate deposition. Care must be taken with the gate deposition step, as most standard shadow masks will 
have a tendency to create small scratches in the thin gate insulator that will dramatically increase leakage 
or even lead to outright shorting. A specially designed shadow mask that keeps the mask/substrate contact 
area away from the deposition area is one method that has worked well. Otherwise, given that the entire 
film is at this point encased in ALD and protected from chemical or physical disruption, a standard 
lithographic patterning process could probably be safely and easily used. 
Measurement Considerations 
 With these device design considerations accounted for, it is hoped that measurements will be more 
easily advanced. In particular, it would be very interesting to observe large changes in conduction behavior 
with gate bias, such as transitions to VRH and measurement of parameters like localization length and 
density of states. These transitions require large enough carrier concentrations and strong coupling 
between NCs, which should be possible if surface states can be adequately passivated and film 
morphology/density can be optimized. The increase in conductance of infilled films by multiple orders of 
magnitude over their non-infilled counterparts suggests that just a such an improvement is possible, 
although due to the nature of the current device geometry, it might have had only minimal impact on the 
trap concentration in the active area. It was also the original intent of this work to eventually add Ge/Si 
core/shell NCs, which would present an entirely new realm of possibilities and have not been studied 
electrically in any meaningful way. This should be a goal of any future work, as new material systems can 
yield a wide range of interesting results. 
 Beyond this, integrating optical excitation into FET measurements would provide an excellent way 
to probe NC electronic and photonic properties, which could easily be done with a top gate FET on glass 





the best route towards making further progress, as most of the most interesting NC phenomena involve 
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